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" demonstrated the high-speed capability of tapered roller bear-
ings, additional experimental testing appeared necessary to
evaluate the tapered roller bearings selected for the HLH/ATC
drive system.

The bearings designed to support various HLH transmission
spiral bevel gears exceeded some of the design parameters
tested on previous programs, Some of the parameters not
tested were increased bearing size, increased loading, higher
cone rib tangential velocity, higher contact angles and higher
cone rib stresses. Additional testing and development was,
therefore, considered necessary to evaluate the effects of
these parameters on the performance of the HL!! tapered roller
bearings.

This report presents the results of efforts, conducted between
September 1971 and August 1973, to define the design criteria
and to design, fabricate, and test high-speed tapered roller
bearings for the HLH/ATC combining transmission engine input
pinion gear in accordance with Contract DAAJO01-71-C-0840(P40).
Tests were performed on two sizes of tapered roller bearingss
operating at 11,500 rpm and 14,000 rpm and loads equivalent
to 8310 horsepower. Technical inspection and evaluation of
the test results were used for selecting the initial end-play
setting, oil-flow rates, and internal geometry of tapered
roller bearings to be used in the HLH/ATC drive system.

Testing conducted during this development program has provided
information necessary to successfully operate high-speed
tapered roller bearings in the HLH/ATC applications. A lim-
ited endurance test of 150 hours was completed at the end of
this program.
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PREFACE

The high-speed tapered roller bearing development work
presented in this report has been completed in partial ful-
fillment of Contract DAAJO01-71-C-0840(P40). This effort was
primarily a development program to define design criteria and
to design, fabricate, and test HLH tapered roller bearings at
the loads and speed of the HLH/ATC combining transmission
input pinion gear.

This program was conducted at the Timken Company, Canton,
Ohio, under the technical direction of Robert F. Cornish,
Application Development Engineer, with Gary Dressler as prin-
cipal investigator. Liaison with regard to program status

and test results was maintained by Joseph W. Lenski, Jr.,
senior design engineer of the Boeing Vertol Company. Techni-
cal direction was provided by Wayne Hudgins, Project Engineer,
Eustis Directorate, U.S. Army Air Mobility Research and
Development Laboratory, Fort Eustis, Virginia.
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INTRODUCTION

This bearing program was directed toward the development of
tapered roller bearings for the HLH/ATC aft and combining
transmission by testing and evaluating an HM926700-series
ctapered roller bearing at the loads and speed of the HLH/ATC
combining transmission engine input pinion gear.* The bearing
was chosen for testing based on preliminary design of the com-
bining transmission input pinion and its severe operating con-
ditions. The operating conditions of this test program which
simulated the HLH/ATC combining transmission input pinion

were
Shaft speed 11,500 rpm (normal)
14,000 rpm (autorotation)
Bearing mounting Duplex indirect mounting
Applied load to thrust- Thrust 4394 1b
carrying bearing Radial 15,619 1b

(equivalent to 8310 hp)
Lubricant MIL-L-23699
Lubricant inlet temperature 195°F

Tests were conducted under these conditions to evaluate and
establish criteria for the basic tavered roller design param-
eters for high-speed operation, oil-flow requirements, initial
end-play settings, and emergency self-lubrication requirements.
Upon completion of the development testing, a final verifica-
tion (endurance) test of 150 hours was conducted on the final
design of the HLH/ATC combining transmission input pinion
bearing, P/N 301-10676-1.

To accomplish the previously mentioned objectives, a new high-
speed test machine was designed and fabricated which closely
simulated a transmission spiral bevel gear support bearing ar-
rangement. In addition, several other test rigs were designed
and fabricated during this program to provide needed data on
oil distribution to the cone rib flange and to evaluate vari-
ous fail-safe, wear-resistant materials. Forty individual
tests were conducted on 67 HM926700-series and 301-10676~-1
bearings. The results of these development tests are summar-
ized in this test report.

¥Boeing Vertol Report D301-10027-1, Rev. A., Test Plan - HLH/
ATC Combining Transmission High Speed Tapered Roller Bearing
Selection Test.




After completion of this program, additional testing of the
301-10676~1 bearing was authorized by Contract DAAJO0l-73-A-
0017 to establish fatigue or endurance data on high-speed
tapered roller bearings. An additional 891 hours of testing
was conducted on four bearings. The results of that program
are reported in Boeing Vertol Report T301-10249-1 and are
presented in Appendix IX of this report.
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TECHNICAL APPROACH

BACKGROUND

In 1968, the Boeing Company's Vertol Division sponsored a
tapered roller bearing research program with the Timker Com-
pany as subcontractor. The objective of this initial program
was to develop high-speed tapered roller bearings to support
spiral bevel gearing in advanced helicopter transmissions and
drive systems. To provide a test specimen size for this de-
velopment program, design studies were conducted using the
CH-47C engine transmission. This transmission provided for a
high-speed and high-load application with a potential growth
from 2200 horsepower to 4500 hLorsepower within the same en-
velope size. The results of this study indicated that a 6500-
series (3.50-inch bore) tapered roller bearing could be used
to support the spiral bevel input pinion and provide improved
operating characteristics over the present ball/roller bearing
configuration.

Prior to this initial program, designers were aware that tap-
ered roller bearings had the potential to carry heavier radial
and thrust loads per pound of weight than any other bearing;
however, the tapered roller bearings were restricted to rela-
tively low speeds (less than 10,000 fpm cone rib velocity).

The bearing proposed for the test program was to be operated at

16,000 rpm and have a cone rib velocity of 20,000 fpm. Under
the Boeing Vertol/Timken IR&D program, a total of 134 test
bearings of the 6500 series ware tested and evaluated. The
test program covered modifications to the bearing geometry,
cage design, and lubrication concepts and provided assurance
that the bearing could be operated at high speeds and loads.
The test results also identified the need to optimize various
design parameters and develop an understanding of the interac-
tions of these parameters on bearing performance.

To continue this effort, the Boeing Company's Vertol Division
was awarded a contract (DAAJ02-71-C-0025) from the Eustis
Directorate in March of 1971 to design, fabricate, test, and
evaluate spiral bevel support tapered roller bearings. The
program consisted of a generalized analytical investigation
and an experimental investigation which was based on the in-
formation attained in the analytical investigation. The
experimental investigation was conducted on 53 tapered roller
bearings of the 6500 series operating at 16,000 rpm with 5500
pounds of thrust and 7500 pounds of radial load. The results
of this contract have been published in USAAMRDL Technical
Report 73-16. The knowledge obtained from these various test
programs indicated that tapered roller bearings could be used
to support spiral bevel gears on the HLH/ATC aft and combining
transmissions.
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The preliminary designs of the HLH aft and combining trans-
missions showed that the tapered roller bearings selected for
various locations resulted in design parameters that exceeded

those tested on the 6500-series bearing.

Some of the param-

eters which were not tested under the previous program are:

Cone rib velocity

Contact angle
Rib stress
Lubricant

Cage design

0il inlet temperature
Equivalent loading

Maximum cone rib load

HLH Condition

6500-Series
Test Condition

25,000 fpm
(Autorotation)

26.2°

64,147 psi
MIL--L-23699
Z-type race
guided center-
line cage
195°F

8310 hp

915 1b

20,000 fpm

15°

36,133 psi
MIL-L-7808
Pressed-steel
roller-riding
cage

165°F

3600 hp

236 1b

Because of the variations in the design parameters of the
proposed HLH tapered roller bearings and those previously
tested (6500-series), the need for additional testing was con-
sidered necessary to properly evaluate the performance and to
establish adequate design criteria for the HLH transmission

high-speed tapered roller bearings.

Additional testing was conducted on an HM926700-series tapered
roller bearing which was originally selected to support the

HLH combining transmission engine input pinion.

This bearing,

readily available with only minor modification, provided a
means of evaluating all the untested parameters mentioned
earlier. Prior to the completion of the program, tests were
conducted on the actual transmission bearings, P/N 301-10676,
which will be used in the HLH/ATC combiner transmission. The
testing and fabrication of hardware was subcontracted to the
Timken Company in September of 1971 and was completed in
August 1973. The results of this effort are documented in

this report.
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STATEMENT OF PROBLEMS

An initial high-speed tapered roller bearing development pro-
gr .1, undertaken by Boeing Vertol Company and Timken Company,
indicated the feasibility of the use of tapered roller bear-
ings in a high-speed helicopter transmission. This program
proved that a 3.5-inch bore modified tapered roller bearing
can be operated at approximately 20,000 fpm cone rib velocity
(16,000 rpm). At the conclusion of this initial development
program, it was determined that additional work was needed to
optimize the bearing design and lubricant and lubrication sys-
tem parameters. A government contract was obtained to further
evaluate the performance of tapered roller bearings analyti-
cally and experimentally. This work was reported in USAAMRDL
Technical Report 73-16.

Although the high-speed and load capability of tapered roller
bearings has been demonstrated, additional test work was
necessary to evaluate larger tapered roller bearings for ap-
plication in the HLH drive system. The increase in bearing
sizes, increase in loads, higher speeds, and the steep-angled,
HM926700-series bearing were to be evaluated under HLH operat-
ing conditions.

The objective of this program was to develop a tapered roller
bearing for an HLH application by testing and evaluating the
HM926700-series tapered roller bearing at the loads and speed
of the HLH combining transmission input pinion gear. The

basic tapered roller bearing design parameters, oil-flow rates,
initial test machine bearing adjustment, and emergency self-
lubrication feasibility were to be determined.

The test program was organized to investigate and evaluate the
following objectives:

e Design and build a high-speed tapered roller bearing test
machine capable of testing 9-inch to 20-inch OD bearings
at speeds up to 14,000 rpm with a maximum applied radial
load of 25,000 pounds and a maximum applied thrust load of
10,000 pounds.

® Determine the number and size of radial lubrication oil
holes required in the HM926700-series bearing.

e Develop the HM926700-series steep-angle (26° 9') bearing
to run at 14,000 rpm. The 14,000-rpm speed is an overspeed
condition and was changed during the program to 11,500 rpm,
corresponding to the in-flight cruising speed.

e Evaluate selected materials that could be used in a fail-
safe bearing design. The evaluation of these materials is to
be performed in a Timken lubricant and wear test machine.

5




N e

e Evaluate two fail-safe bearing designs and determine the
wear characteristics of the better of these two designs
when operating in oil.

® Run a repeat fail-safe test on four previously tested fail-
safe bearings.

® Test additional modified HM926700-series bearings to deter-
mine an optimum bearing setting (end-play adjustment) and
an optimum oil- flow rate both to the large and small end of
the bearing.

® Conduct a tapered roller bearing cone-flange oil distribu-
tion spin test to evaluate the effect of the angle and
length of the radial lube holes in the cone which will,
in turn, provide adequate 0il distribution at the cone rib/
roller end contact area.

e Manufacture and test the XCll439-series bearing (Boeing
vertol P/N 301-10576) in the high-speed test machine. This
bearing represented the actual bearing used in the HLH/ATC
combining transmission.

® Test four XCll439-series bearings (Boeing Vertol P/N 301-
10676) for 150 hours or until damage occurs.

The results of these tests were used to establish the final
design and installation requirements to be used in the high-
speed tapered roller bearings in the HLH/ATC aft and combining
transmissions.
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TEST METHOD

DESCRIPTION OF TEST SPECIMENS

Modified HM926700-Series Bearing

Forty-four bearings similar to the HM926700-series bearings
were fabricated to Timken modified code 436. Table I gives
some pertinent details of modified code 436. The basic di-
mensions of the HM926700-series tapered roller bearing are

Cone bore - 5.00 inches
Cup outside diameter - 9.00 inches
Overall width - 2.125 inches

These 44 bearings were modified as described below:

Eleven bearings were tested with cones having seventeen 0.052-
inch-diameter holes through the large rib undercut to the back-
face chamfer-type o0il manifold plus four holes to lubricate the
large end flange of the cage (see Figure 1l). Four of these
cones had an additional seventeen 0.052-inch-diameter holes
Electrical Discharge Machined (EDM) between and in the same
plane as the original 17 holes. This was necessary to provide
a better distribution of oil to the cone rib/roller end contact
area. These bearings were tested with machined Z-type race-
guided, silver-plated centerline cage.

Eighteen of the 44 bearings were tested with cones having forty
0.040-inch~diameter holes through the large rib undercut to

the backface chamfer oil manifold plus four holes to lubricate
the large end flange of a Z-type silver-plated cage (see

Figure 2).

Eleven of the 44 bearings were manufactured and tested with a
modified oil manifold as shown in Figure 3. These cones have
forty 0.040-inch-diameter radial lubrication oil holes. Stand-
ard stamped-steel, silver-plated cages were used in these
bearings.

Four more bearings were manufactured and tested similar to the
bearing in Figure 3, except the large rib undercut was reduced
to allow more available contact between the rib face and

b roller spherical end radius. Standard stamped-steel silver-
plated cages were used in these bearings.

The cages were silver-plated, according to Federal Specifica-
tion QQ-S-365a. The plating was a type II, grade B with a
matte finish. The cages were processed with a nickel strike
and a silver strike before silver-plating to 0.001-inch to
0.002-inch thickness.




TABLE I. SUMMARY OF TIMKEN MODIFIED CODE 436

| ————— — —=£

Ccones

Material is standard air melt SAE 4320-steel.

Roller contact surface hardness 58 to 63 Rockwell "C".
100-pct standard double-etched to detect grinding burns.
The cone OD must be tape-honed to 8 microinches maximum.
Class and code to be etched on the part.

All cones checked for minimum hardness on either face.

The cone rib radius must be wrapped around ground; ground
or polished tangent to the rib face.

The cone radii, both frontface and backface, must be polished.
These radii must be blended into the cone bore.

Cone contacting surfaces must be free from nicks.

Cups
Material is standard air melt SAE 4320-steel.

Rolling contact surface hardness 58 to 63 Rockwell "C".
100-pct standard double-etched to detect grinding burns.
The cup ID must be tape-honed to 8 microinches maximum.
Class and code to be etched on the part.

All cups checked for minimum hardness on either face.

The cup radii, both frontface and backface, must be polished.
These radii must blend into the cup OD.

Cup contacting surfaces must be free from nicks.

Rollers
Material is standard air melt SAE 4320-steel.

Rolling contact surface hardness 58 to 63 Rockwell "C".




I TABLE I. Continued I

The roller body must be honed to 8 microinches maximum.

The roller spherical end must be ground to 6 microinches
maximum (not honed).

Sample lots to be standard double etched to detect grinding
burns. Samples to be scrapped.

Roller contacting surfaces must be free from nicks.

Cages, Machine Z-Type Race-Guide Centerline

Material is SAE 4319-steel.
inches maximum.
Special handling to prevent distortion or nicking damage to

the cage.

Cages, Standard Stamped Steel

Material is HRLC-steel deep drawing quality P and O.

Cage must not be shot-blasted or tumbled.

Cage must be vapor-blasted or glass-bead peened.

Special handling to prevent distortion or nicking damage to

the cage.

Assembled Bearing

Roller spherical end contact with the cone large rib face
flat must be as near as possible to the midway point of the
distance from the roller recess diameter to the rib face
undercut point.

The guiding land at cage ID and OD to be ground to 60 micro-

S 4
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Fail-Safe Wear-Resistant Materials

Various wear-resistant materials were evaluated in the Timken
lubricant and wear test machine. The machine requires test
cages as shown in Figure 4 and test blocks as shown in Figure
5 to conduct these tests. The following material specimens
were evaluated:

Sixty-three standard test cups for the Timken lubrlcant and
wear test machine.

Three standard test blocks for the Timken lubricant and wear
test machine.

Four test blocks made from DuPont Vespel SP-3 polyimide resin
with 15-pct MOS; by weight.

Two test blocks made from DuPont Vespel SP-21 polyimide resin
with 15-pct graphite by weight.

Two test blocks made from DuPont Vespel SP-22 polyimide resin
with 40-pct graphite by weight.

Two copper-impregnated Marlin-Rockwell blocks submitted by
Vertol.

One test block made from Kawecki Brylco No. 50 alloy beryllium
copper.

Two test blocks made from DuPont LP404A alloy* with 20-pct
nickel binder.

One test block made from DuPont LP404A alloy with 40-pct
nickel binder.

One test block made from DuPont LP404A alloy with 20-pct 4600
steel binder.

One test block made from DuPont LP404A alloy with 40-pct 4600
steel binder.

One test block made from DuPont LP404A alloy with 20-pct
binder composed of 80-pct nickel and 20-pct chrome.

*Metallurgically, LP alloys are hard grains of an inter-
metallic compound of a Laves Phase structure dispersed in
a softer matrix. Superior anti-friction and anti-wear
bearing performance is attributed to the combination of
hard Laves Phase particles and the softer matrix. All of
the DuPont LP alloy test blocks were processed by Wheeling-
Pittsburgh Steel Corporation, Principio Alloys Division,
Columbus, Ohio.
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One test block made from DuPont LP404A alloy with 20-pct
S-monel binder.

One test block made from DuPont LP404A alloy with 20-pct
molybdenum.

Ten standard lubricant test blocks treated with Borkote*
diffused to various depths.

Nine standard test cups treated with Borkote* diffused to
various depths.

Eleven standard lubricant test blocks treated with Borkote*
diffused to various depths.

Eleven standard test cups treated with Borkote* diffused to
various depths.

Fail-Safe Bearing Designs

Twelve bearings, similar to the HM926700-series bearings, were
fitted with separable large end cone ribs with DuPont LP404 +
40-percent, 4600-steel applied to the rib face (see Figure 6).

Four bearings, similar to the HM926700-series bearings, were
fitted with separable large end ribs with Borkote applied to
the rib face (see Figure 7).

Both of the designs had 36 radial oil lubrication holes,

0.047 inch in diameter. Both were tested with silver-plated
Z-type cages.

Cone Flange 0Oil Distribution Specimens

One simulated cone, similar to Boeing-Vertol's HLH aft trans-
mission sun gear bearing 301-10443-1 and Timken cone number
XCl1437, was made according to Figure 8. After testing, this
cone was modified, as shown in Figure 9, and tested again.

*Borkote is a patented boronizing process that is accom-
plished by enveloping the part to be treated in a proprie-
tary material and heat treating at 1300° to 2100°F. Depth
of diffusion of the boride layer is a function of time.
This process was developed by Atlantic Advanced Metals,
Incorporated, Woburn, Massachusetts.
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One simulated cone, similar to Boeing-Vertol's HLH combining
transmission slant shaft pinion bearing 301-10612-1 and Timken
cone number XCl2088, was made according to Figure 10. After
testing, this same cone was modified, as shown in Figure 11,
and tested again.

A third simulated cone, shown in Figure 12, was tested. This
cone is similar to Boeing-Vertol's part number 301-10612-1

and Timken part number XCl12088. This cone was tested with the
75-degree hole angle and then with the l-degree hole angle.
The 75-degree holes were plugged (see Figure 13).

Bearing P/N 301-10676-1

Seventeen XCl11439C- and XCll439D-series bearings (Boeing-
Vertol P/N 301-10676) were manufactured and tested (see
Figure 14). These bearings were manufactured according to
Timken PS601, "Timken Control Requirements for Critical
Bearings for Boeing-Vertol HLH Program."

All bearings were tested with machined Z-type, race-guided
centerline cages. Nine of these cages were silver-plated by
Canton Plating Company. The remaining cages were plated by
Lancaster Electro Plating, Incorporated, Lancaster, Ohio--an
approved Boeing-Vertol source.

Lubricating 0il

Mobil Jet II, which meets Specification MIL-L-23699D, was used
in all tests. This lubricant appears under the formulation
RM-1389-A and QPL-23699-6 list dated July 20, 1970,and carries
the qualification number 0lA.

DESCRIPTION OF TEST MACHINES

High-Speed Tapered Roller Bearing Test Machine

Originally, the test bearings were driven by a 100-horsepower
AC constant-speed motor furnished by Boeing-Vertol. After
several shakedown runs and the first development test run of
the new machine, it was decided to move the test machine to
make use of the Timken 700-horsepower dynamometer drive. This
drive system permits running the bearings at various speeds to
determine what is the speed limit for a particular bearing de-
sign modification. This 700-horsepower drive motor, belted to
a 9:1 speed increaser, is capable of running the test bearings
at a speed of 14,000 rpm. The test machine is shown in
Figures 15 and 16.

Figure 17 is a subassembly section of the test machine housing.

20
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Figure 18 shows bearing mounting, and loading and lubrication
systems. The bearing mounting arrangement simulates the
mounting arrangement in the HLH combining transmission input
bevel pinion gear.

The manifold projecting into the hollow shaft discharges oil
through orifices located axially in line with the radial holes
in the shaft. There are two 3/16-inch radial holes through the
shaft at each bearing position. The dams located between each
bearing position along the length of the shafts assure an equal
distribution of lubricating oil to the four bearings. The
cone bore manifold then collects the o0il and distributes it to
the radial holes in the cone to lubricate the cone rib and
roller ends. Three 0.060-inch jets located at the small end
of the bearing, 120 degrees apart, discharge the o0il underneath
the cage to lubricate the cage roller body contact and inner
and outer race. The oil-flow rate supplied to each bearing
was calibrated by collecting the oil with a graduated measur-
ing cup, while being timed with a stop watch. The oil flow
rate was recorded on an Esterline-Anqgus multipoint strip chart
recorder. 1In addition, each orifice on the manifold project-
ing into the hollow shaft was sized and calibrated to assure
an equal amount of o0il supplied to each bearing.

The bearing cup OD, oil inlet, o0il outlet, and ambient air
temperatures were measured by strategically located thermo-
couples. Each thermocouple was calibrated with a precision
laboratory thermometer. The temperatures are read and re-
corded on the multipoint strip chart recorder.

The thrust load applied to the bearings was measured by a
Lockheed Model 3500-10 load cell. A Miller hydraulic cylinder,
model number H65B, was used to apply the load to the end of the
opposite drive-end floating housing. The thrust hydraulic load
system and the load cell has a capability of applying 10,000
pounds thrust load.

The radial load applied to the bearings was measured by a
Lockheed Model 3500-25 load cell. A Miller hydraulic cylinder
was used to apply the load to the bottom of the outer floating
housing. The radial hydraulic load system and load cell has a
capability of applying 25,000 pounds radial cylinder load.

The pressure gauges used with both radial and thrust load hy-
draulic systems were calibrated with master pressure gauges.
The load cells were calibrated in a 120,000-pound-capacity
Baldwin BTE Universal Testing Machine. This calibration was
done directly with the multipoint strip chart recorder.

The bearing lubrication system is equipped with a stainless
steel heat exchanger to control the inlet oil temperature at a

Preceding page blank 31
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given value and with flow controls capable of maintaining any
desired flow rate up to 16 pints per minute per bearing (oil
inlet temperature at 190°F).

Timken Lubricant and Wear Test Machine

Various fail-safe wear-resistant materials were evaluated
in the Timken Lubricant and Wear Test Machine. This test
machine is used in ASTM Standard D2782-71, standard method
for "Measurement of Extreme Pressure Properties of Lubri-
cating Methods (Timken Method) ."

Figure 19 shows the overall view of the test machine;
Figure 20 shows a section drawing of the test machine. For
these tests,a torque meter was installed between the drive
motor and test spindle.

The test blocks and cups were weighed before ftesting. The
lubricant in the machine was preheated to 100°F, and a heat ex-
changer was used to maintain this temperature throughout the
test. The lubricating oil was MIL-L-23699, and the test
specimens were flood-lubricated during the oil-on phase of

the tests. The test cup was rotated against the block at 1165
rpm (591.1 feet per minute rubbing velocity). Figures 4

and 5 show the physical dimensions of the sample cup and test
blocks.

Qualitative Comparison of Various Wear-Resistant Materials

A l-pound weight was added to the lever arm every 10 minutes

up to a total of 10 pounds,which gives a test load of 116.6
pounds and an initial stress of 36,000 psi for steel cups and
blocks. The test was run an additional 2% hours after full
load was applied. At the end of the test, the test cups and
blocks were reweighed, and the scar width on the test block was
measured and tabulated.

Qualitative Analysis of Material's Ability to Survive
Without Lubrication

A l-pound weight was added to the lever arm every minute up

to a total of 10 pounds, which gives a test load of 116.6
pounds and an initial stress of 36,000 psi for steel cups and
blocks. After the load was fully applied, the test was run an
additional 10 minutes. Then the lubricating oil was shut off
and the residual oil was blown away with an air hose. The
test is timed from when the residual oil is blown away until
the cup speed is slowed by friction to 1000 rpm (507.4 feet
per minute). The test cups and blocks were reweighed, and the
scar width on the block was measured.
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Figure 19.

Timken Lubricant and Wear Test Machine.
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Cone Flange 0il Distribution Spin Test Machine

The smaller XC11437 simulated cone (Vertol P/N 301-10612) was
run in the Timken company-owned, high-speed test machine. The
larger XC12088 simulated cone (Vertol P/N 301-10443-1) was
tested on a varidrive electric motor (see Figure 21). The
lubricating o0il was MIL-L-23699, heated to and maintained at
165°F. The oil-flow rate to the XC1l1437 simulated cone was

6 pints per minute; strobe light still photographs were

taken at this oil-flow rate at 3000, 6000, and 8000 rpm. The
oil-flow rate to the XC12088 simulated cone was 3 pints per
minute, and strobe light still photographs were taken of this
oil flow at 1000, 2000, and 3000 rprmi. The conditions simu-
lated the operating conditions in the HLH/ATC drive system.

SIMULATED CONE
P/N 301-10443-1
FOR OIL HOLE
LENGTH TEST,

e A
P H s L,

Figure 21. 0il Distribution Spin Test Machine.
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TEST DATA AND RESULTS

DETERMINATION OF NUMBER AND SIZE OF RADIAL LUBRICATION
HOLES IN HM ~SERIES BEARING CONE

A standard HM926700-series bearing cone was modified as shown
in Figure 22. Seventeen 0.052-inch-diameter holes were
drilled from the backface oil manifold to the rib undercut.
Figures 23 through 25 are strobe light still photographs taken
at 5000, 10,000 and 14,000 rpm with 6 pints per minute oil
flow. As can be seen on the photographs, it appears that all
the radial lubrication holes receive an equal amount of lubri-
cating 0oil. This could also be seen by visually observing the
oil flow with a strobe tachometer.

DEVELOPMENT TESTS -~ MODIFIED HM926700-SERIES BEARING

The pretest inspections of all the modified HI1926700-series
bearings are included in Appendix II. This tabulation includes
the cone rib face and race OD surface finishes, roller Spher-
ical End Radius (SER) and roller body surface finishes, the
cone race to rib OD angle, and the roller SER in percent of
apex length.

Table II lists all modified HM926700-series bearings tested in
the HLH high-speed test machine, including the fail-safe de-
sign test bearings. The table shows the test number, type of
test performed, bearing number according to position in the
machine, bearing condition after test, and maximum successful
speed and time at that speed.

Figures 26 through 29 show typical new bearings before being
tested. Appendix III includes photographs of all bearings
after test.

Three shakedown runs were made with standard HM926700-series
bearings modified for high speed to check out the operation of
the new HLH high-speed bearing test machine. During the shake-
down runs, two points became obvious that needed to be changed
to continue to develop the HM926700-series bearings:

e The 17 radi$1 0il lubrication holes were not adequate for
the rapid agceleration and for high top-speed combination.

® Bearing development could not be effectively accomplished
with the constant speed 100-horsepower motor with an accel-
eration rate of 0 to 14,000 rpm in 9 seconds.

A new pulley was purchased to limit the speed to 9300 rpm for
the third shakedown run and test number 1. The acceleration
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Figure 22. Standard HM926700-Series Bearing Cone
Modified for 0il Distribution Spin Test.
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NOTES: OIL FLOW RATE - 6 PINTS PER MIN
17 0.052-INCH RADIAL OIL HOLES

Figure 23.

HM926700-Series Bearing Oil Distribution Study
at 5000 rpm.
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NOTES: OIL FLOW RATE - 6 PINTS PER MIN
17 0.052-INCH RADIAL OIL HOLES

Figure 24. HM926700-Series Bearing 0il Distribution Study
at 10,000 rpm.




NOTES: OIL FLOW RATE - 6 PINTS PER MIN
17 0.052-INCH RADIAL OIL HOLES

Figure 25. HM926700-Series Bearing Oil Distribution Study
at 14,000 rpm.
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NOTE: THE 4 HOLES TO THE LARGE END RIB OD ARE PLUGGED

Figure 26. Typical New, Modified HM926700-Series Bearing With
17 Radial Holes to the Rib Face - Standard Stamped-
Steel Silver-Plated Cage.

NOTE: THE 4 HOLES TO THE LARGE END RIB OD ARE PLUGGED.

Figure 27. Typical New, Modified HM926700-Series Bearing With
17 Radial Lubrication Holes to the Rib Face -
Standard Stamped-Steel Silver-Plated Cage.
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NOTE: THE 4 HOLES ARE OPEN TO LUBRICATE THE END
FLANGE OF THE Z-TYPE SILVER-PLATED CAGE

Figure 28. Typical New, Modified HM926700-Series Bearing With
40 Radial Lubricating Holes to the Rib Face.

NOTE: THE 4 HOLES TO THE LARGE END RIB OD ARE PLUGGED

Figure 29. Typical New, Modified HM926700-Series Bearing With
40 Radial Lubrication Holes to the Rib Face -
Standard Stamped-Steel Silver-Plated Cage.
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rate was 0 to 9300 rpm in less than 9 seconds. Test number 1
was run with one bearing with 17 radial lubrication oil holes
and three bearings with 34 holes. This test ran for 1.5
minutes at 9300 rpm before the bearing with 17 holes was dam-
aged (roller end/cone rib scuffing). After this test, the

test machine was moved to make use of the variable-speed Timken
700-horsepower dynamometer drive.

Tests 2 and 3 were run with bearings having 17 radial holes to
lubricate the cone rib/roller end contact area. Test number

2 was accelerated from 4000 to 12,000 rpm in 2000 rpm incre-
ments. The test bearing temperatures were allowed to level
off at each speed, which took approximately 1-1/2 to 2 hours.
The bearings were then accelerated to 14,000 rpm and operated
at that speed for 45 minutes until the lubrication pump shut
down, causing three of the bearings to scuff at the cone
rib/roller end contact.

Test 3 ran a total of 12 hours at 12,000 rpm. The test bear-
ings were then accelerated to 14,000 rpm and ran for 3 minutes
before cone rib/roller end scuffing damage occurred.

Tests 4 and 5 ran at 14,000 rpm for a total of 36 and 27-1/2
hours, respectively. Test 4 had bearings with 34 radial
lubrication holes (17 holes electrical discharge machined be-
tween the original 17 holes). New bearing cones were made for
Test 5 with forty 0.040-inch-diameter radial lubrication oil
holes.

Figure 30 shows typical bearing cup OD temperatures versus
shaft speed. The data for this graph was taken from test 4.
Table XI in Appendix IV shows bearing cup OD temperatures for
the remaining tests in which temperatures were allowed to
level off at various speeds.

Tests 4 and 5 were subjected to rapid accelerations at con-
venient intervals during the running of these bearings. The
acceleration run consisted of

® Accelerating from 0 to 10,000 rpm in less than 30 seconds
and running for 5 minutes under 10-percent load (applied
cylinder load of 1230 pounds radial and 440 pounds thrust).

o3
3
&4
&
5
o
A

R

3

Accelerating from 10,000 to 11,500 rpm in 5 seconds,
increasing load to 100 percent (12,300 pounds radial and
g 4394 pounds thrust applied cylinder load) and letting it
A run for 5 minutes.

T
o
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: TEST NO. 4
OIL FLOW RATE -10PINTS/MIN LARGE END
6 PINTS/MIN SMALL END
195°F OIL INLET TEMP 75%R&T
LOAD AT
100% CYLINDER LOAD = 12,300 LB RADIAL 14,000 RPM
: 4,304 LB THRUST .
100% R & T LOAD
AT 11,500 RPM
L
10% R & T LOAD
5000 THROUGH 8300 RPM
B e —— —2 . e == ———= F—— e
4 6 8 10 12 14
SHAFT SPEED RPM x 103
Figure 30. HM926700-Series Bearing Cup OD Temp-



e Reducing the load to 75 percent of the applied radial and
thrust loads and accelerating from 11,500 to 14,000 rpm in
5 seconds. The acceleration runs were started with both
room temperature and preheated lubricating oil, and also
with both oil pumps on first. The drive system and simul--
taneous o0il pump-drive system then starts.

g

SR g

One of the bearings from test 4 was damaged (cone rib/roller
end scuffing) during the third acceleration run. Test 5 was

also subjected to three acceleration runs; however, no cone

rib/roller end scuffing occurred.

After-test inspections of tests 4 and 5 showed that three of
the cones in test number 4 had spalls (Figure 31) and one of
the cones of test 5 had a small spall. The three cones from
test 4 were given to the Timken Company Metallurgical Depart-
ment for investigation. There it was concluded that these
spalls would not have occurred as early in the bearing life
if metallurgical and geometry changes had not taken place
because of operating temperatures in excess of 300° F. The
bearing cup OD temperatures ranged from 325° to 335°F and, in
all probability, the discolored portion of the cone race was
near or above 360°F. Also, these spalls might not have
occurred as early if CEVM steel had been used instead of the
standard air-melt steel used in the test bearings. Visual
examination showed the spalls to be of nonmetallic inclusion
origin.

S T M RN S X

o

Blue checks before these bearings were tested showed that the
cone races were flat. Traces taken on the Clevite 1200 Surf-
analyzer System (Figure 32) after test showed the cone race to
be from 0.00025-inch to 0.00035-inch crowned toward the large
end (discolored area). Both x-ray analysis and metallographic
examination showed the discolored area to be tempered, result-
ing in loss of hardness and an uneven transformation of the
retained austenite over the cone race. The uneven transforma-
tion of the retained austenite due to uneven temperatures
along the cone race is believed to have caused the crown to
develop in this manner. The uneven temperature along the cone
race can be explained by the longer heat flow path, due to the
heavier section at the large end of the cone and the cooler
oil striking the small end of the cone.

Retained austenite was examined by x-ray analysis in both the
clear and discolored areas on one of the bearing cones. The
results are:

Retained Austenite

Depth From Raceway Clear Area Discolored Area
Surface 21 percent 9.5 percent
0.001 inch 32 percent 7.7 percent
0.004 inch 32.6 percent 8.5 percent
0.008 inch 34.2 percent 12.7 percent

49



BEARING S/N 60-18

BEARING S/N PL-6

BEARING S/N PL-7

NOTE: SMALL SPALLS APPEARED AFTER 36 HOURS AT 14,000 rpm
UNDER FULL RADIAL AND THRUST LOAD

Figure 31. HM926700-Series Bearing Cones From Test Number 4.
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BEARING NO. 7

| LARGE END e R
- [sEARING NO. 8
3
PROFILE PROFILE
. i_%’mcno g:":"[%ﬁ] ROUGHNESS % ROUGHNESS OATE [§2077]
LTszmms SKIDLESS [ AVERAGE AVERAGE PART cons
LARGE END

)
PROFILE b PROFILE
’H_%’mcuo ‘;:'7:“@% nt‘)lgcuuess % ROUGHNESS E DATE [§2072]
INCHES AVERAGE AVERAGE PART [EX2070CB ] CONE
C50 1y SKIDLESS (J NO.7
[LARGE END | W—m‘\
/" BEARING NO. 83060-8
)
T4 PROFILE PROFILE
4'_%’1;:”0 g:::" ROUGHNESS % ROUGHNESS a DATE ([§2072]
INCHES AVERAGE AVERAGE PART [EX2070CB  |CONE
CH 1y SKIDLESS (] NO. 830803
Figure 32. Rectilinear Traces of Bearing Cone Races

From Test Number 4.
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Five microhardness measurements between the surface and a
depth of 0.038 inch below the surface were taken near the
middle of the discolored area. They were 55.5 Rockwell "C",
55.0 Rockwell "C", 54.5 Rockwell "C", 56.0 Rockwell "C", and
55.0 Rockwell "C" with Knoop converted to Rockwell "C".

In the clear area, two microhardness measurements were taken
near the surface and one measurement at 0.015 inch below the
surface. They were 60.5, 60.0, and 58.0 Rockwell "C", respec-
tively (Knoop converted to Rockwell "C").

The spalls are located on the highest point of crown on each
cone. The localized overheating resulting in the crown ap-
parently was responsible for the early appearance cf these
spalls.

Boeing-Vertol and Timken decided that testing these bearings
at 11,500 rpm, helicopter flight speed, instead of the
14,000~rpm overspeed condition will lower the bearing operat-
ing temperatures below 300°F. This would substantially reduce
the chance of the bearing cones' becoming tempered with result-
ing loss of hardness and transformation of retained austenite
which had caused the premature spalling experienced in tests

4 and 5.

EVALUATION OF FAIL-SAFE WEAR~RESISTANT BEARING MATERIALS

The summary of results, Tables III and IV, lists all observed
test work for this phase of the test program. Table III lists
all materials tested in the longer 2%-hour oil-on-wear tests.
Table IV lists all materials tested in the shorter 1l0-minute
oil-on/oil-off tests.

Figure 33 compares running time after oil-off for all of the
tested materials. Figure 34 shows typical wear scars on the
materials. Timken standard steel test cups and blocks score
immediately after the oil is shut off.

The Borkote materials show the least amount of wear during
the oil-off tests. Borkote on one part performs as well as
Borkote on both parts. The LP alloys, however, as a group
show considerably more life than Borkote materials in the o0il-
off tests. The LP alloys gave the best overall life with a
reasonable amount of wear. The LPA 404 alloy with 40-percent
4600-steel binder was the best of the LP alloys tested.

The DuPont Vespel and Marlin-Rockwell materials gave a good
life in oil-off testing,but had a considerable amount of wear.

Beryllium copper material had a good life with fair wear.

52



&
%

PR R TR L

31094040 WYY
4NJ ¥ X018
HO® OldIONIY4

40D 910018
J10NHOA OidIONIYG

3103400 WYV

NI NIWLL - X078

13348

13318

‘wexboad 3sal butraesag ajes-Tred a9yl utr asn
103 pP3I9PTISUO) STeTIO3eW Jo uostaedwo) °g£¢ 2aInbTdg

. ] o nawwiL - %2018
— < 1INOW 8 %0Z + YOYVdT
— 1 000¥ %0¥ + Y0PVAT

= =1 ON %O + YOYV4J
= =d (4302!NOS) %02 + Y0PV

L e
~ ~
N
= —
~ L]
+ 10N

— — = 000¥ %0Z + YOYV4?
— — — o IN%OY + Y0PV

e T A

417 IMVE THL LV SLSIL 4O ON STLVHNON  —s
TWIHALYN NIAID ¥ 04 S153L 40 IDNVE —e—a-
m SLSAL TYNIOIAIONI . AT

(NI L4 005) Wdd D00L 0L SMOTS

O3S VAN 430 110 NIHL 0 HLI MR 0L — NOLLYEND

Eld DODEE  TIILE LENIVDY TIILE ML SEIHLE TELLINI

SO0 FBLL ~ Ov0T 1531

LN w07 NERAET L] SONNOWE 0L — O%07 H3A3T

IR L4 5 ZRGE] W BBl - 03348

EOXEN HIDNYHIKD LVIH) 4000 FUNLYEIINIL LMY I8N
UL LB TR0 ) SERET T 1IN — NN - SMOLLIONED 1530

LTI WM ONY LNVIIHEN T NINMIL HELLINE NN LSTL

LR & BT

O Wi o < i Y o e o T e 2, 1 g
: L R T e SRR A SRR

hY

e AN

— 4 N %0z + yorvar
—J 030274438
————q s
—— s

PO e —— '} 33

M e e e = — ] T72MX20Y NITUYN

~

Y Ay Y N N e NN T e e diod 5 oL
BRI B o R A A A s S i

- Sl

- 0Z

- ST

UNIW) 440 M0 Y314V INIL

53



b e bt o

BERYLLIUM
COPPER

DUPONT VESPEL
SP-21

Ty

LP404 ALLOY WITH
40-PCT NICKEL BINDER

LP404 ALLOY WITH BORKOTE BORKOTE WITH
40-PCT 4600-STEEL BORKOTE RING
BINDER

Figure 34. Typical Wear Scars on Fail-Safe Wear-Resistant
Material Blocks.
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EVALUATION OF FAIL-SAFE BEARING DESIGNS

DuPont LPA 404 alloy plus 40-percent 4600 steel and Borkote
were selected as materials to evaluate in a fail-safe bearing

design, based on the results from section, EVALUATION OF FAIL-
SAFE WEAR-RESISTANT MATERIALS.

All fail-safe bearing test cones had 36 radial lubrication oil
holes plus 4 holes to lubricate the large end gquiding flange
of the Z-type, silver-plated cage.

The first fail-safe bearing test was run with cones having
LPA 404 plus 40-percent 4600-steel binder applied to the
separable ribs. This test was stopped after running at 9500
rpm for 2 hours (with oil lubrication) due to a noise coming
from the test housing. After-test inspection showed that a
piece of the LPA 404 broke the separable rib (see Figure 35).
The hot consolidated LPA 404 rib rings on these bearings were
high-temperature brazed to the separable rib.

The second fail-safe test was run with bearing cones having
Borkote applied to the separable ribs. This test ran for 2
hours at 9300 rpm with oil lubrication. Bearing damage occur-
red as the speed increased from 9300 to 11,500 rpm. The
separable ribs of two of the bearings had radial cracks which
caused the test to stop. One of the separable ribs had two
cracks (Figure 36)--one crack occurring at one of the four pin
holes at the backface and the other crack occurring at one of
the four radial oil holes at the rib OD. The pins at the back-
face keep the separable rib from rotating on the cone, while
oil from the radial oil holes on the rib OD lubricates the area
where the cage ID guides on the rib OD.

The third fail-safe test was run with DuPont LPA 404 plus 40-
percent SAE 4600-steel binder hot consolidated directly to the
separable rib. This test ran successfully for 24 hours with
oil lubrication. At the end of the 24 hours, the bearing end-
play was checked. The end-play of the bearings in the drive
end housing changed from 0.0025-inch initial to 0.003-inch;
and the bearings in the opposite drive end housing changed
from 0.0015-inch initial to 0.003 inch. These bearings were
then reinstalled in the test machine and tested for 2 hours at
11,500 rpm with oil lubrication. After the 2-hour period, the
oil was shut off and the bearings ran for 8.5 seconds before
cone rib/roller end scuffing occurred on one of the bearings.

The fourth fail-safe test was run with bearings identical to
the third test. This test was to be an extended 150-hour test
with lubricating oil and measuring end-play at specified in-
tervals. The end-play at the end of 24 hours did not change
from the initial end-play of 0.0025-inch in the drive end
housing and 0.005-inch in the opposite drive end housing. Cone
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i Figure 35. Failure of High-Temperature Brazed Bonding.

Figure 36. Cracking of Borkote Rib Flange.
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rib/roller end scuffing damage occurred at 50.5 hours, running
at 11,500 rpm with oil lubrication.

A tabulation in Appendix V shows level-off bearing tempera-
tures at various speeds, the cylinder radial and thrust loads
applied to the housings, and the bearing end-play adjustments
for the fail-safe bearing tests.

A repeat fail-safe test was run with three bearings that were
not damaged from the third fail--safe test and one undamaged
bearing from the fourth fail-safe test. 1In this repeat test,
the four bearings were tested with standard stamped-steel,
silver-plated cages. This test was run at 11,500 rpm for

3 hours with oil lubrication to allow temperatures to level
off. At the end of the 3-hour period, the oil was shut off
and the test ran for 10 seconds before cone rib/roller end
scuffing occurred on one of the bearings.

End-Play Variation Tests - Modified HM926700-Series Bearing

These tests were conducted with bearing cones having 40 radial
lubrication oil holes from the cone manifold to the large end
rib undercut.

¥ The first additional HM926700-series bearing test (test number
& 11) was to be a bearing adjustment test. Bearing damage
occurred to two of the bearings at 9000 rpm. The initial end-
play adjustment was 0.0015-inch in the drive end housing and
0.003-inch in the opposite drive end housing. The bearing
damage in this test could not be explained.

Test number 12 was set up with an initial end-play adjustment
of 0.00ll-inch drive end and 0.002-inch opposite drive end.
This test ran for several hours at 11,500 rpm to allow temper-
atures to stabilize. This test was then reassembled with the
end-play increased to 0.003-inch drive end and 0.0035-inch
opposite drive end. After several hours running, the tempera-
tures leveled off to the same temperatures of the original
end-play adjustments. These bearings were again reassembled
with the end-play reduced to 0.0001-inch drive end and 0.0001-
inch opposite drive end. With this end-play adjustment,
bearing damage occurred while accelerating to 11,500 rpm.

i
oA
%.'

Test number 13 was run with two different end-play adjustments.
Bearing damage occurred while accelerating from 8000 to 11,500
rpm with an end play adjustment of 0.0042 inch (same on both
drive end and opposite drive end housings). Figure 37 shows

a plot of bearing cup temperatures versus bearing end-play
setting for several tests conducted during this phase.

Test numbers 14 and 15 had premature bearing damage due to
test assembly problems. 1In test number 14, a Z-type cage was
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unknowingly bent on assembly, causing early bearing damage.
In test number 15, the drive spindle was assembled to the
test shaft in such a way that it would not permit the lubri-

cating oil from the center of the shaft to reach the drive
end bearing.

In test numbers 16 through 33, attempts were made to reach
11,500 rpm. The cause for the bhearing damage in these tests
could not be determined at that time. Periodically during
these tests, Timken-owned bearings were run successfully in
the machine to determine if the unexplained bearing damage
was a result of a machine malfunction. Figure 38 shows the
scuffing damage that occurred during test number 7.

Several bearing design changes were made to find cause for
unexplained scuffing damage and eliminate this bearing damage.
Although the changes which follow did not eliminate the bear-
ing damage, they were certainly logical steps to improve
bearing performance.

The oil manifold backface chamfer of the cone was changed
(Figure 39) to eliminate the possibility of the o0il in the
manifold leaking between the cone backfuace and shaft shoulder.
The large end cone rib undercut was reduced to allow for more
available contact area between the roller spherical end radius
and rib face flat. Two of the bearings were run in a press
for 7 and 8 minutes under 51,800 and 40,000 pounds thrust load,
respectively,to determine if the running-in had an effect on
bearing performance. The roller spherical end radius was in-
creased from 80 percent of the apex length to 85 percent in
order to reduce the unit stress on the rib face.

A correlation stuly made on Z-type cage flange guidance clear-
ance, Appendix VI, did not show any correlation with the
roller end/cone rik scuffing damage.

After the testing of the modified HM926700-~series bearings was
completed and the decision was made to test the XC11l439 series
bearing, it was discovered that there was a significant dif-
ference in the level of retained austenite from bearing lot to
lot. The higher the level of retained austenite, the less the
resistance to scuffing damage between the roller end and cone
rib at the higher stress levels in the steep-angle, HM926700-
series bearing.

Cone Flange 0il Distribution Spin Tests

Figures 8 through 13 are drawings of the simulated cones
tested,and Appendix VIII contains high-speed strobe light
photographs, showing the oil distribution at the cone rib in-
terface for each test. A brief description of the test param-
eter is given on each photograph. The photographs are grouped
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OLD MANIFOLD DESIGN

i
NN NN

Spillover of Trapped 0il
Here Used to Provide Equal
Distribution to All Holes
to Cone Rib

NEW MANIFOLD DESIGN

This Design Prevents Leakage
Between Cone Backface and
Cone Backing

Figure 39. Old and New Type Cone Bore Manifold Design,
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according to simulated cone part number, style of oil manifold,
length of 0il hole and angle of o0il hole inclination.

Testing of 301-10676 Bearings

Table V is a summary of results of the XCll439-series (Boeing
Vertol P/N 301-10676) bearing tests. The table lists the test
number, bearing cone, cup and cage serial number according to
position in the machine, total hours each component ran at
11,500 rpm, ai.d the bearing end-play adjustments.

The HLH high-speed tapered roller bearing test machine was
modified to test the XCl1439-series bearing (Vertol P/N 301-
10676) . While a new test shaft was being made, the HM926700-
series bearing test shaft was modified on one end to test two
XC1l1439 with two HM926700 bearings. The first group of XCl1439
bearing cones were ground to 0.030-inch on the large end rib
OD. This is the portion of the cone where the machine Z-type
cage guides on the cone. For this test the large end cage ID
riding land was spray welded with Metcology No. 2 to a thickness
of 0.015 inch on a side to make up for the cone rib being ground
too small. This test ran for 24-1/2 hours at 11,500 rpm. All
bearings were satisfactory after the test.

The next test was run with the new test shaft with all four
XCll439-series bearings. Two of the bearings were tested with
spray welded cages and two bearings were tcsted with cones
with 0.0l15-inch-per-side chrome plating applied to the rib OD.
This test was run for 1 hour at 11,500 rpm. All bearings were
satisfactory after the test.

The third test was run with bearings with the large end cone
rib OD ground to size. One of the bearings in this test was
damaged upon reaching 11,500 rpm. This damage was attributed
to insufficient bearing end-play setting. Settings of 0.0025-
inch end-play in both the drive end and opposite drive end
housings were used. The first two tests were run with 0.005-
inch and 0.0035-inch end-play, respectively. It was decided
to run the rest of the tests with at least 0.0035-inch end-

play.

The fourth test was set up with bearing adjustments increased
to L.0035-inch in both the DE and ODE housings. These bear-
ings ran for 24 hours at 11,500 rpm and were satisfactory
after the test.

The fifth test was run with four new bearings. Only the cup
tested with one of the bearings had been run before. One of
the bearings was damaged at 11,500 rpm and two more had very
slight cone rib/roller end scuffing. The cause for this bear-
ing damage was due to the silver plating separating from the
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Z-type cage in large sheets. These cages were plated locally
at Canton Plating Company, Canton, Ohio.

The sixth test ran for 45 minutes at 11,500 rpm before the
lubricating oil pump shut down and caused cone rib/roller end
damage on all four bearings, two of them having very slight
scuffing damage. Just prior to this test, all of the copper
0il lubrication plumbing lines were replaced with steel tubing.
The undersized steel tubing restricted the oil flow. To over-
come this restriction, the pump pressure was increased to pro-
duce the required oil flow. This caused the pump motor to
overload and shut down; therefore, larger steel tubing was
installed before the next test.

Test numbexr ' was a 150-hour test. Three of the bearings had
previously run 24 hours. The fourth bearing had run 3/4 hour
prior to this test; however, the rib face and roller spherical
end radii were reground to clean up the very slight scuffing
damage from test number 6. Listed in Table VI is the visual
observation of bearing components made after the 150-hour test.

The bearings used in test number 7 were tested for an addi-
tional 891 hours as part of an added contract (DAAJO01l-73-A-
0017) to evaluate endurance running on high-speed tapered
roller bearings. The results of this program are included in
Appendix IX of this report.

Figures 40 through 43 are rectilinear traces of the four cone
races used in this test. The profiles of the cone races before
test were from flat to a very slight crown. After the 150-hour
test, traces were taken again. The cone races were found to be
off taper and crowned toward the large end; that is, the uneven
transformation of retained austenite due to uneven temperatures
along the cone race caused the crown to develop in this manner.
This phenomenon was discussed in a previous section.

At the conclusion of the test, the oil inlet temperature was
lowered to 175°F and 165°F with oil flow rates of 8 pints per
minute to the large end and 4 pints per minute to the small
end, and the bearing continued to run until the cup tempera-
tures leveled off. Table VII shows the level-off cup OD, oil
outlet, and housing temperatures at various oil inlet tempera-
tures. Appendix VII presents XCl1349-series bearings after
test.

Analysis of HLH/ATC Transmission Bearings

Until recently, the analysis of tapered roller bearings has
been restricted to catalog rating methods or, at best, low-
speed computer analysis techniques. 1In 1971, as part of a
USAAMRDL contract, Boeing Vertol subcontracted Mr. A. B. Jones,
Bearing Consultant, to develop an analysis for high-speed
tapered roller bearings. This analysis provided an exact
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TABLE VIL. REDUCED OIL INLET TEMPERATURE
AND OIL FLOW RATE TEST

0il
Flow Rate Level Off Temperature
(Pts/Min) Inlet Ol BE/DEC/ODEC/ODE Ambient
Large End | Small End Temp F Cup OD OQil Outlet Housing | Temp F

10 6 190 299 265 265 86
294 265 260 86

309 300 275 86

296 300 265 86

8 4 190 320 277 275 85
315 277 275 85

334 318 300 85

316 318 275 85

8 4 175 304 261 255 85
302 261 260 85

318 303 265 85

302 303 270 85

8 4 165 300 255 250 86
298 255 255 86

312 297 265 86

297 297 255 86
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solution for internal loading, stress, life, deflections, cone
rib loading, EHD oil film thickness and traction, flange slid-
ing and spinning velocity, and the high-speed loading inter-
actions between duplex-mounted bearings. Details of this
analysis are included in USAAMRDL Technical Report 73-16. This
work has been continued by Mr. Jones to develop a computer pro-
gram, using these analysis techniques which can be used to ana-
lyze any configuration high-speed tapered roller bearing. This
computer program has been obtained by Boeing Vertol and is des-
ignated as Computer Program S73.

Program S73 did not become fully operational until late in
this test program and, therefore, was not used in the initial
selection of the bearing for the HLH/ATC drive system or test
program. The basic design parameters at the various high-
speed tapered roller bearings used in both the test program
and the HLH/ATC drive system are shown in Table VIII. This
table provides a comparison between the bearings tested and
those proposed for the HLH/ATC. This data, including gear
tooth loading for each bevel gear supported by tapered roller
bearings, was used to analyze the bearings. The results of
the computer analysis of all bearings are summarized in Table
IX. This table itemizes some of the critical operating param-
eters of the transmission and test bearings. All bearings are
within the limits te ted on the HM926700-series bearing and
only one bearing, P/N 301-10420, has exceeded the test condi-
tions of the 301-10676 test bearings.

A review of the test data from this program and previous test
programs indicates that cone rib stress may be a critical
factor that influences the probability of rib scuffing of
high-speed tapered roller bearings. Bearings which have been
operated at 20,000 fpm and rib stresses of 36,000 psi or less
have experienced very few rib scuffing failures; however,
bearings (HM926700) operating at the same speed, but with rib
stress of approximatley 66,000 psi, have encountered severe
rib scuffing. Although there appear to be other factors in
addition to stress which determine that rib scuffing occurs
at high speed, these other factors have not been fully estab-
lished in this program. Rib stress will, therefore, be used
as a guide to establish the potential risk of rib scuffing.
The one bearing that appears to have a high risk of scuffing
due to high stress is bearing P/N 301-10420. This bearing
operates at only 17,000 fpm,which should help to reduce the
risk of scuffing.

Since rib stress is a function of bearing loading and contact
angle, the 301-10420 bearing could be redesigned or replaced
with a lower contact angle bearing in order to reduce the rib
scuffing if this becomes a serious problem in the testing of
the HLH/ATC aft transmission. Present plans are to test the
301-10420 bearings in the HLH/ATC aft transmission to determine
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if the operatinjy speed and rib stress of this bearing are
critical for cone rib scuffing. If scuffing occurs, the bear-
ing can be easily replaced with an H432600-series tapered
roller bearing (14° contact angle) which will reduce the rib
stress to less than 32,000 psi with only a slight reduction in
fatigue life.
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CONCLUSIONS

The data derived from this program show that modified high-
speed, steep-angle, HM926700-series bearings and shallow-angle,
XC1l439-series bearings can be successfully run at 14,000 rpm
and 11,500 rpm,respectively, under a wide range of loading

and can also withstand relatively high acceleration rates.
Certain design, adjustment, and metallurgical consicerations
were found to be necessary and are covered in the detailed
conclusions which follow.

Current technology and materials have not been developed to

a point where it is possible to make a fail-safe (30-minute
operation without cil) bearing for operation at these speeds
(20,000 fpm tangential cone rib velocity). Length of oper-
ation without o0il varies exponentially with speed dropping
off sharply from 30 minutes above 6000 fpm cone rib velocity.

An alternate source of lubricating oil for fail-safe operation
is the best approach to this problem. Previous work has shown
that the tapered roller bearing can operate with small quanti-
ties of oil, thus making an alternate source practical.

DESIGN AND BuL "D A HIGH-SPEED TAPERED ROLLER BEARING
TEST MACHINE

A high-speed tapered roller bearing test machine was designed
and built for this program to specifically test the HM926700-
series bearing (9-inch OD). 1In the latter portion of the test
program, the machine was modified to test the 8-5/8-inch-0D
XCl1439-series bearing (Boeing Vertol P/N 301-10676). This
machine is also capable of testing up to a 20-inch-OD bearing
with the proper modifications. Some minor machine short-
comings were discovered and corrected during testing. Basi-
cally, this machine performed satisfactorily throughout this
test program.

DETERMINATION OF NUMBER AND SIZE OF RADIAL LUBRICATION
OIL HOLES IN THE HM926700-SERIES BEARING

Forty 0.040-inch-diameter radial lubrication oil holes were
needed to adequately lubricate the roller end/cone rib contact.
The size of the holes could be substantially smaller than
0.040-inch diameter; however, the size was set at a minimum of
0.040-inch to prevent foreign matter from clogging the holes
and restricting oil flow.
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DEVELOPMENT TESTS - MODIFIED HM926700-SERIES BEARINGS

The modified HM926700-series bearing can be ope~ated at 14,000
rpm (25,000 fpm) under 15,619 pounds radial load and 4394

pounds thrust load and 195°F o0il inlet temperature. The bear-
ing cup OD temperztures, when tested under these conditions,
ranged from 3250F to 335°F. Some of the bearings had spalls

on the cone races after the test as a result of geometry distor-
tion due to the temperatures exceeding 300°F.

The rolified HM926700-series bearings can be accelerated from
0 to 10,000 rpm in less than 30 seconds and from 10,000 to

11,500 rpm in less than 5 seconds under l0-percent load (1230
pounds radial and 440 pounds thrust cylinder load applied to
housings) from a room temperature oil or preheated oil start.
After running at 11,500 rpm under 100-percent load (12,300

pounds radial and 4394 pounds thrust load), the bearings can
be accelerated to 14,000 rpm in less than 5 seconds under 75-

percent thrust loads.

EVALUATION OF FAIL-SAFE WEAR-RESISTANT BEARING MATERIALS

Tests in the Timken lubricant and wear test machine showed
that Borkote materials show the least amount of wear during
the oil-off tests. Tests also showed that thL. LP alloys gave
the best overall life with a reasonable amount of wear. The
LPA 404 alloy with 40-percent 4600-steel binder was the best

of the LP alloys tested.

EVALUATION OF TWO FAIL-SAFE BEARING DESIGNS

Bearings with LPA 404 with 40-percent 4600~steel binder
applied to the cone large end rib performed better than
Borkote applied to the rib under fully lubricated conditions.
The bearings with LP alloy applied to the rib were run for 24
hours with no abnormal wear. At+the end of 24 hours, the oil
was shut off, and the bearings continued to run for 8% sec-
onds. The goal was 30 minutes operation without lubricating

oil.

REPEAT FAIL-SAFE TEST

A repeat fail-safe test was run with four bearings with LP
alloy that had been previously tested. This test was run for 3
hours before the oil was shut off. The bearings continued to
rotate for 10 seconds. A suitable wear-resistant fail-safe
material and a method of attaching this material to the bear-
ing has not been reached with our present technology. An al-
ternate source of lubricating oil should be considered as a

fail-safe lubrication sys.em.
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ADDITIONAL HM926700—~SERIES BEARING TESTS

These tests showed the best bearing adjustment to be

between 0.00l1-inch and 0.0035-inch end-play. Bearing damage
occurred when the end-play was reduced to less than 0.00l-inch
and increased above 0.0035-inch.

It was discovered that there is a difference in bearings from
manufacturing lots that would not permit the bearings to oper-
ate at high speeds. The scheduled oil flow tests could not,
therefore, be run.

The only significant difference from bearing sets appeared to
be the level of retained austenite. Higher levels of retained
austenite were less resistant to scuffing damage between the
roller end and cone rib at the higher stress levels in steep-
angle bearings. More work is needed to verify this conclusion,
since the data obtained in these tests is very limited.

TAPERED ROLLER BEARING CONE FLANGE OIL DISTRIBUTION SPIN TEST

Results show that there is good correlation between the high- A
speed strobe light phLotographs showing the oil distribution

from the radial oil lubrication holes and the computer program

used to determine the per:cent of adequate lubrication at the

cone rib interface. The computer printout is shown in

Appendix I.

TESTING OF XCl1439-SERIES BEARINGS

Testing of the XC1l1439-series bearing was successful. Seventeen
bearings in eight test setups were tested during this phase

of the program. The duration of testing ranged from 1 hour to
126 hours. Three of the bearirgs had accumulated 150 hours.

As was expected, the bearing end-play adjustment had to be
increased slightly with this shallow-angle bearing over that
for the steep-angle, HM926700~series bearing. Successful tests
were run with bench bearing end-play adjustments ranging from
0.0035 inch to 0.005 inch. A bench bearing end-play adjust-
ment of 0.0025 inch resulted in premature bearing damage in
one of the tests.

%

%

1
5
K

A mathematical approach to predicting start-up bearing adjust-
ment (running approximatley 5 minutes) and level-off condition
bearing adjustment (running several hours) has been developed.
It shows that under the successful bench end-play bearing ad-
justments that were tested, the bearings were actually
slightly preloaded under level-off test conditions.
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Based upon the data generated, the design HLH/ATC high-speed
tapered roller bearing used in the aft and combiner trans-
mission has finalized. A total of 10 different size tapered
roller bearings will be tested by Poeing Vertol in both bench
transmission and DSTR test stands prior to installation into
the prototype HLH .
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RECOMMENDATIONS

Based on the results and conclusions of this test program, it
is recommended that additional testing be conducted on a large
sample of bearings for an extended duration to determine
fatigue life characteristics of high-speed tapered roller
bearings versus calculated fatigue life. 1In addition, tests
should be conducted on bearings fabricated from high-hot-
nardness carburizing steels such as CBS-600 uor CBS-1000M to
determine improved cone rib scuffing resistance and to minimize
raceway distortion due to high operating temperatures exper-
ienced under maximum operating conditions.
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APPENDIX I
CONERIB LUBRICATION COMPUTER PRINTOUT

Pl ENGRG PMLO21-0L COWE RIS LUBRICATION o v
CONE NO. OIL DIS-i CUP WO. 753" Bege Goms
INPUT CATA SR 8.
SHAFT 10 (IN)e  3.2000 SMAFT 00 (IN)e  T7.28%0
CONE INLET DIA. (IN)= 7.4930 COMS OUTLET DIA. (IN)=  8,4390

CONE RIB-ROLLER END CONTACT OlA. (IN)= 8.7%00
CONE RIS 0D (IM)= 9.12%
CONE MANIFOLD TRAP LENETH (IN)= 0.2910 MAX DIA=  7.72800
CONE LUBRICATION DUCT ANGLE (0-W=S)e 1% O~ O
LUBRICANT VISCOSITY (CS) @ 100 P.= 32,00000
9 210 Po=  4,80000
3 165 Foo  03.09709
SPECIFIC GRAVITY OF LUBRICANT 2 60 Fo= 1,007199
COEFEICIENT OF EXPANSION =  0.00041

SHAFT LUSRICATION DUCTS
N0, = 2 0 tine 2.1875 10 SURFACE-FIN. (IN)= 0,00014

CONE LUBRICATION DUCTS
NO.= 24 10 (iM)e 0.0420 10 SURFACE-FIN. (IN)= 0,00014

SHAPT SPEED (RPM)e 3000 INCYERENTS o 1
cee0
8200
:
PHL ENGAS PHLO21-0L CONE RIS LUSRICATION 8FL 09r20/13
Pace 2
CONE NO. OIL DIs-1 CUP 0. 743" Bore Geme 3
¢
CALCULATIONS " 3
prenscsanldined !
$
SHAFT SPEED (RPM)= 3000, RIS VELOCITY (FT/MIN)e o872, g
£
oM = 535117, = ¢
LUSRICANT FLOW CONDITIONS CONE DL TS 5
FRICTION FACTOR 0.0784 i
WEADLOSS (IN/SECI®e2 34056, i
- REVMOLOS WUMBER ses, !
EXIT VELOCITY (IN/SEC) 357.2207 .

RANIFOLD (siie
TANGENTIAL VELOCITY OF LUBRICANT 2 OUTLET (IN/SEC)s 132074
ANGLE OF EXIT WELATIVE TC OUTLET (DEGREES)= 22,082
EFFECTIVE EXPOSURE TIRE (SEC)e 0.000267
 COVERAGE OF RIS = 28,72

FLOM (PT/MIN)
Cone 38.50
MANIFOLO 70.75
SHAFT 114,11



PHL  ENGRG PHMLO21-0)

LUNE NO. OLL D1S-1

CALCULATIONS

SHAFT SPEED IRPM)= 6000,
ON = 1110233,

COME RIB LUBRICATION (12} 09/26/73

CUP MO, 723" ore Soue

PAGE

RIS VELOCITY (FT/RMIN)= 13744,

LUSKICANT FLLW CONOITJUNS SHAFT DUCTS CNNE DUCTS &
FRICTION FACTOR 0,293 04,0399 i
HEACLUSS (IN/SEC)ee? 167718, 3320, z
REYNOLOS NUMBER 13619, 1785,
. EXIT VELOCLTY (IN/SEC} 2003.5498 172,267
NAXIMUN MANIFOLD PRESSURE (PSI)e 15.72
TANGENTIAL VELOCETY OF LUBRICANT 2 OUTLET (IN/SECIe 2037.47
ANGLE OF EXIT RELATIVE TG UUTLET (DEGREESIs 23.078
EPFECTIVE EXPOSURE TINE (SEC)= 0.000110
T CUVERAGE OF RiS = 27,51
FLON (PT/NIN)
CONE 80.9¢
NANLFOLD 158.08
SHAF T 220.91
3
I ENGRG PMLO21-0} CONE RIS LUBRICATION "2 09/24/73
¥ PAGE
P COME MO, OIL OIS~} CuP NO. 1,3 hare Come
o0
g CALTULATIONS
§ SHAFT SPEED (RPW)= 8000, RIS VELOCITY (FT/NIN)s 10326,
i DN « 1480315, ~
L4 b
LUBRICANT FLOM COWOITIONS SHAFT DUCTS CONE OUCTS o i
FRICTION FACTOR 0,0212 0.0454 &
HEADLOSS (IN/SEC)ee2 218791, 160888,
REYNULOS MUNBER 10208, 2050, ‘i
EXIT VELOCITY (IN/SEC) 2070, 6440 1943.5704 1‘
RAXINUN MANIFOLD PRESSURE (PS1)e 27,98 3
D
[ TANGENTIAL VELOCITY OF LUBRICANT & QUTLET (IN/SECIe 3343,30 g}
; "
ANGLE OF EXIT RELATIVE TC OUTLET (DEGREES)> 21.818 #
EFFECTIVE EXPOSURE TINE (SEC)s 0.000097
L COVERAGE OF R18 = 27,0}
w
?l“ FLOW (PT/NIN} o
X cone 106,63 i,
& NANLFOLO 211.08 ¥
SHART 307,37 i
.
d T
%
> Y]
b5 5
f v

,.
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PHL  EMGRC PHLU21-0L CONE RIS LUBRICATION aF2 09/24/13

PrGE 1

CONE NO. P11 DIS-4 CUP NO. T.3* pore Cony

Cone Drawing Figure AF ¢

INPUT D/ 7A

SHAFY 10 (IN)= 3.0000
CONE IMLET DIA. (IN}= 7,.7340

SHAFT 00 (IN)e T.20%0
CONE OUTLET OlA. 1INI= 8.4%9%0

CONE RIS~ROLLER LtND CONTACT DlA. {IKis 0.7500

CONE RIS 00 (IN)= 9.12%
CONE MANIFOLD TRAP LENGTHM (IN)=

COME LUBRICATION ODUCT ANGLE (D-M-3)»

LUBRICANT VISCOSITY (CS) @ 100 ¢.=
a3 210 F.»
3165 Fou

0.2910 MAX DiAs 7.90000

15- 0~ 0
32.00000
4.48000
B 09709

SPECIFIC GAAVITY OF LUBRICANY 2 40 Foo 1.007199

COEFFICIENT OF EXPANSION =  0,00041

SHAFT LUBRICATION DUCTS

N, 2 10 i)

CONE LUBRICATION DTS

NO.» 24 10 {IN)=

SHAPT SPEED (APM)e 3000
[ oo

0.4075 [0 SURFALE-FIN. (IN)e  0.0001¢

0.0420 10 SURFACE-FIN, (IN)=  0,0001s

INCRENENTS » )

0o
L ENGAG PHLO21-O) CONE RID LUBRICATION wr  ovam
COME 0. O1L Dis-~4 CUP NO. 73" Rove Gone

CALCULATIONS

SHAPT SPEED (APHI= 3000.
oN = 353117,

LUBRICANTY FLOM CONOILT IONS
PRICTION FaACTOR
HEADLOYD (IN/SEC)e-2
REYNOLOS MMNBER

EXIT YELOCITY CIN/SiY

AES VELOCITY (FT/RINIe 0472,

SHAFT OUCTS CONE DAVETS
0. 0948 0.0092
49220, 23199,

eTed. .
994,442¢ 493.3.7¢

RANINUN RANTFOLO PRESSURE (PS1)e 2,00

TANGENTIAL VELOCITY OF LUBRICANT & DUTLET (IN/SEC)e 1328.74
ANGLE OF EXIT RELATIVE TG QUILET (BEGRELS)e 19.720
CFFECTIVE EXPOSURE TIME (SEC)e 0,000274

S COViRAGE OF RIS = 31,70

FLOW LPT/NIN)

come 34,08
RANIFOLD 30,10
SHAPT 114,11
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P ENGRG PMLO21-0)
.CONE W0. OIL OIs-¢

CALCULATIONS
PUSRRGEEIAY

SHAFT SPEED (RPM)= 000,
on = 1110233,

COME RIS LUBRICATION 8F3 09/264/73

CUP WO. 7:3° pere Com

PAGE

RIS VELOCITY (FT/NINIe 13744,

LUBAICANT FLOW CONDITIONS CONE DUCTS
FRICTION PACTOR 0,008
$ (IN/SECIee2 48378,
AEVMOLOS MUROER 1 . 1569,
EXIT VELOCITY (IN/SEC)H 2003, 5498 1030.4978
. RAXIRUN RANIFOLD PRESSURE (PST)= 11.51

TANGENTIAL VELOCITY OF LUBRICANT 3 OUTLET (IN/SEC)= 2657.47
ANGLE OF EXIT RELATIVE TO OUTLET (DEGREES)= 20,534
EPFECTIVE EXPOSURE TINE (SEC)= 02000132

§ COVERAGE OF RIS = 30,66

LON (PT/RIN)

3 . cong n

RANTPOLD 112,82

& SMAFT 229.9

B

#

z

3

*

£

ma.  Shons PRG2I-0L CONE RIS LUSRICATION o T 09s20/73

;4 cons mO. ORL 915-4 CuP MO. 753" Beme Qeme 3

\ 5

2 CALCULATIONS

i hcosamgmro e

#;_. NPT SPEEO APN)e m‘ RIS VELOCITY (FT/NiNie 18336.

{af on o 1400811,

LUBRIGANT ALON v i0ms SHAPT QUCTS coNE DUCTS

. 4 PRICTIGN PACTOR 9.0272 0.0303

& tm/Secienn 187901, es21l.

& agvnoLes 18208, 2113, 5

¥ EXI¥ VELOCITY (IW/SEC) 2678.8440 1209.00% ]

& AARLAUN AANIPOLD PRESSURE (PSide 20,40 3

f~ 3
i

§
3
2

TANGPNTIAL VELOCITY OF LUSRICANT 3 QUTLET (IW/SECIe 3942030
ANGL OF EXIT RCLATIVE TO OUTLET (DESREESI= 20,740

EPPECTIVE GXPOSURE TINE (SECIe 0,000098

£ COVERAGE OF RIS = 30039

W

FLOW (PT/NIN)
95,97

cone
RaNIPOLD 190,37
- SHAPY 0737
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ML ENGRG PILO21-O01 CONE RIS LUBRICATION ) w/2em
CONE mO. OIL O1$-2 cuP No. 12.1" Bexe Geme - '
INPUT DATA S I ——
SHAFT 10 (IN)e 10,0000 DUST 00 (Nb=  12.12T
CONE INLET DIA. (IRI= 12.3960 CONG OUT.ET DIA. (INde 13,0000

3 CONE RIS-ROLLE? END CONTACT 01A. (imi= 13,2005
% CONE RIS QD (IW)=  13.6290
- CONE RANIPOLD TRAP LENGTN (lN)e %.1029 RAX OlA= 12.99600
COME LUBRICATION BNCT AGGLE (D-W-S)e 13- 0 0
LUBRICANY VISCOSITY (CS) 3 100 P.o  32.00000
9 210 Foo  4.00000
2165 For  S.09THY

: SPECIFIC GRAVITY OF LUGRICANT & 60 Foe  1.007199

¢ COEFFICTENT OF EXPARSION = 0.00041

- SHAFT LUBRICATION OUCTS

: W.e 2 1D (IM)e 0,137 1D SURFACE-FIN. (lN)e  0.00016
&

CONE LUBRICATION DUCTS
WO.= 26 0 (N 0.0020 10 SURFACE-PIN. (IW)= 0.00014

> St

o

i

-

,".
5

ML SARG PLEI-01 CONE RIS LUBRICATION ws |, wam
coE wa. ot 919-3 CuUP 0. 12.1° Bove Gemn
caLcmaTions
SUST 3PEEO (APMIe 3009, RIS VELGCITY (FT/MINIe  3aSe.
on = 200628,
LUSRICANY PLON CONDITIONS AT OUCTS cone DACTS
PRICTION FACTOR 0. 0053 0.2078
WEASLOSS (SR/SEC1902 309, 6633,
REVIOLOS 2367, 290,
SXIT VELECITY (IN/SEC) 20,199 49,0990

RARIIUN RANIFOLD PRESSURE (P3lde O-.;

TANGENTIAL VELOCITY OF LUSRICANT & CUTLET (IN/SECI~ 080,08
ANGLE OF EXIT RELATIVE TO GUTLET (0EGRSES)e 13.536
GPPECTIVE BXPUSURE TINE (SEC)= 0.000530

T COVERASE OF RI0 = 20007

FLOW (PT7NINY
come 1.72
i RANIPOLO 12,99

¥ NPT 39,9
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e GneRs PAe21-01 V2T

Cong RI0 LYSRICATION o
- PaGE
cong k8. OIL 015-2

Cur no. 125 feve Qeme

SHAFT SPEED (RPWIe 000, AIO VELOTITY (FT/vimle 912,

o e 4MGSI.
LEBRICANT PLOW CONOITIONS SHaFY OUCTE CONE DACTS
FRICTION FacToR 0. 8381 o.1027
WEASLESE (M/3EC 002 13213 84500,
REYRELED WIS 4737, Se8.
. @RIV VRLOCITY (In/sSac) 099, 7013 372:0007

IR RARITELD PRESSUAE (PSI0e  2.40
TARGENTIAL VELOCITY OF LUSRICANT 3 QUTLET (IW/SEC)= 138136
¢ ASELE OF GIT AELATIVE TO GUTLET (DESAEESIe 16029
. @PICTIVE SIPOSURE TIRE (SEC)= 0.00025¢

PLOY (PT/RIND

comg 28.%

[l L] 2%.89

L4} 26,30
i‘%
"
P
?A
o
3 A SheRS M2~ CONE RIS LUBAICATION o3 o273

s o

ConE w9, WiL O18~2

cur w0e Adel® Bom oem

/I8 VELOCITY (FT/AiNIe 10008,

N = 20TV,
PLOY CONDITIONS SHAFTY QUCTS CONE OWCTS
PRICTION FACTOR 2+ 3300 0.0720
(In/38C 002 22500.
REVHULOS 'eMSER 7199, 7%,
EXIT7 VELOCITY (I/SEC) 1052.2094 ST7.0009
NAKTUN NANIFGLD PRESSURE (PSIde  S.356

TARGENTIAL VELOCITY CF LUSRICANT 3 QUTLET (IN/SEC)= 2002.03
SNGLE OF ERIT ABLATIVE TO CUTLET (DESREES)= 15.279
SPPECTIVE ENPOSURE TINE (SEC)= 0.00010%
 COVERASE OF RIS © 193D

PLow (PrT/REN
[ s o
ANI PR B 38.83
HAFY 120.73

91

e o P

ol R e "
S

SRS BN s LR




PHL  ENGRG LOI.I-OI CONE RIB LUBRICATION [ L&) 08/29/72
2

WAXIMUN SANIFOLD PRESSURE (PS])e

paGe
CCNE W0, OIL GIS-3 CUP NC. 12.1° Beve Osee
CALCULATIONS
SHAFT SPEED (RPMIe 1000, RIS VELOCITY (FT/NINIe  DaSe.
oM = 308028,
LUNRICANT FLOM CONDITIONS SHAFT DUCTS towe DuC1s
FRICTION FACTOR 0,0453 02173
HEADLOSS (IN/SEC)oe2 3004, “re,
REYNOLDS NUMOER 2367, i
€XIT VELOCITY (IN/SEC) 344.1953 1519038

0. 48

TANGENTIAL VELOCITY OF LUBRICANT 3 OUTLET (IN/SECIe  480.48
ANGLE OF EXIT RELATIVE O OUTLET (DEGREES)= 12,141

EFFECTIVE EXPOSURE TINE (SEC)e 0.000601

T COVERAGE OF RO = 23,70

FLOW (PT/RIN)

ot 10,07
"ANIFOLD 10.T»
SHAF T 9. %
ML BNGAE  L821-0) CONE A10 LUBRICATION 'l::‘ i 0/
CONE WO. OIL 013-3 CUP NC. 12.1" Deme Seen
Goue Susning Pigun ©
1WPUT DATA
SMAPTY 1D (INte  10.0000 SHAFT 00 (IN)e 12.1270
CONE INMLET D1A, 1iIN)e 12.94040 CONE QUTLET OJA. (IN)=  13.0000

CONE RID-AOLLEA END CONTACT OfA. (IM)e 13,2018
CONE RIS 0D (INle  13.6250
CONE MANIPOLD TRAP LENSTH (IN)e  0.1750  MAK DlA= 12,09900
CONE LUBAICATION DUCT ANGLE (D-N-Si= 1S~ O~ 0
LUBRICANT VISCOSITY (CS) & 100 F.= 32,00000
B 210 Pou - 450000
8183 Feo  2.89709
SPECIFIC GRAVILY OF LUBRICANT 8 60 Poe  1,007T199
CORPPICEINT OF EXPANSION =  0.07041

SHAFT LUBAICATION OUCTS
MO, = 2 10 tiN)e 0.,107% 10 SURFACE-FIMN, (INI=  0,00014

CONE LUBPICATION DUCTS
NO.,» 24 10 (1) 0.,0420 1D SURFACE-FiN. (IN)s  0.0001¢

SHAFT SPRED (RPM)e 3000 INCRENENTS = 3
el
(1
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i

RETRATA gy

" und hi’x-m

- COME ATD,LUBRICATION 94
. PAGE
& m 0, o1l en-u S Lur w0 390" nese o
caeuATIOns
[TE0 Y "“ (L F 1 ‘M} RIS VELOCITY (FY/NINI= 6912,
on s 1008l '

Lunrcam 's‘u CONDITI0WS SHAFT DUCTS CONE DUCTS
. 0.0301 . 0.1277
uuum tharorcienz 1111, .
REVINA 05 AUNSER ar37, sa1.
“' mu"' (IN/SECY 499.701) 329.0906

L4 S 1)

cOnE W3, G3L DIs-9

naxg o MNI70LD M (0310 1,93

TANSANTIAL VELOCITY OF LUBRICANT 3 OUTLET mvsm- 1361.3
ANSLE OF EXIT AELATIVE TO OUFLET (DEGREES)e 13,143
Mn EXPOSLPE TINE (SEC)= 0.000202
& Covenser o RID = 32,31

FLOW (PT/0IN)

) . 22.7¢ -
1F0L0 21.99
[ 4 0.0
Lo21-01 CONE AI8 LIGRLCATION 8Fe
’ PSS

- vp N0, 201" Mamm Seme

CALCULAT L0ws
————t——

SHAFT SMID (RPR)a J006 RIS VELOCITY (FT/AINIe 10068,

DN = 920077,

LuBRTCANT FLON COMOLY JONS SHAFT LTS CONt DACTS
PRICTION FACTOR Ge 0944 [ L
HEADLOSS (IN/30C)0e2 20976, 1902,
REVNOLEE et 71353, ™.
T VRLECLITY (ISR 1032. 2054 07,3060

RAXTRUN AAKIPOLD PRESSURG 1PST)= .24

TANGONTIAL VELOCITY OF LUBRICANT 8 QUTLET (IW/38CHs 2062403
ANGLE OF EXIT RELATIVE 7O QUTLAT (DEGREES)= 15,496
EPFECTIVE EXPOSURE TINE (S6C)= 0.000184

% COwRase OF RIS * 27D

FLOW (PT/N1M)
cone 25,04
NARIPOLO 32.40
[ 120.7
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PHL  ENGAG PHLO21-0OL
cOMe 0. OIL DIS~)

INPUT OATA

SHAET 1D (IN)= 10,0000

COME INLET BIA. (IN)e 12.5740

COME AIO-ROLLER END CONTACT OiA. (

CONE RIS 0D tIN)= 13,829

CONE MANIPOLD TRA® LENGTH (IN}s

CONE LUBAICATION OUCT ANGLE (0-H-5

LUSRICANT VISCOSITY (CS) 3 108 F.e
Hr e

SPECIFIC SRAVITY OF LUSRICANT 3 o0

e e

CONE RIS LUSRICATION ors 0%/24/7)
e N 120 Dre e
Ovee Dreviag Figure & IS

PASE )

SHAPT 00 (IN)s  12.3200
COME QUTLEY D1A. (IN)= 13,0000
IMls 13,3190

0.1500  MAX OlAs  32.77608
Jo 1%~ 0 O

32.00000

4.80000

2.09789

Fos  1,007190

COEFFICIENT OF GNPANGION ¢  0.00041

SHAPT LUBRICATION BUCTS
N0, = 2 10 {1

CONE LUBRICATION DUCTS
MO

SHAFT SPEED (APR)= 3000
2000
19

MR e LOZI-01
CONE NO. OIL 918~

CALCULATIONS

SHAFT SPRED (RPRIe 1999,
o = esals.
LUBRICANT PLON CONBIT IONS
FRICTION FACTOR
HEABLOSS (IN/3EC)0e)
REYNOLES IUNSER
€XIT VELOCITY 1IN/38C)
RALIRUR RANIFOLD PRESSURE (PS1)e

TANGENT 1AL VELOCITY OF LUBRICANT 2

be 01873 10 SURPACI-FIN. (INIe 0,00014

] » (i) 040020 - 10 SURPACE-FIN, (INDe  0,0001¢

INCREAENTS » )

COng R10 LIBRICATION | 4] MWI/2/TY
M 2
o 0. 12,1 hem e

RIS VELOCITY (PY/RENIe D006,

NAPY BUCTS CONE C TS
00483 0.20%4
0%, 0.
2367, 26.
340,199 140.5108

[ ]

QITLEY (IW/SECIe 680.%

ANGLE OF EXIT RELATIVE TO QUTLET (ORGASES)- 11,808
EPPECTIVE EXPOSURE TIRE (1Ko 0,000007

% COVERAGE OF RIS = J4,0¢

FLOW (PT/RIN)
cong 10,28
NARLFOLD 2.9
SAPTY 29.9%
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PHL  ENGRSG PHLOZL-DL CUNE Al% LUBKILATION L1 uv/2a/ls
PAGE
Lane NO. OBL DIS-3 CUP NC. 12,1% Jore Coms
CALCULATIONS

SMAFT SPEED (WPMI= 2330, RIS VelUCITY (FT/NINDS 2972,

$o : DN =  6100S1e =
LUBRICANT FLOW CONDITIOWS SHAFT DUCTS CONE DICTS *
FRICTION FACTOR 2, 9384 0.1309 &
HEAULOSS CIN/SEC)ee s3211. 9e?, ,g
REVANLDS NUMAER 87517, 39, #e
EADT VELOCITY (IN/SEC) 679, Tl 3 3i1,2815 .

A%

RAXIMUK BANIFULD PRESSUNE (PS[)= 250
TANGENTIAL VELOCITY OF LUBRICANT @ GUTLEY (IN/SECH" 1381.99
ANGLE OF EXIT RELATIVE TC OUTLET (DEGREES)s 12.03%

1 EFFECTIVE EXPNSURE TINE {SiCle 0.000619 :
5 T COVERAGE OF RIS = 32,79 :
v g
FLOW {PT/NIND :
CONE 22.20 %
NANTFOLD 3.8
SHAFT 0.3 «
3,
Y
N
3
é
3t
&
-
E;
¢
. 5
PHL ENGRC PHLUZI-OL CONE <18 LUBRICAT fun nFs 09/26/73 2
PaGL 4 ¥
CONE ADs GIL DIS-) CUP NC. 1241% pore Goue H
3
CALLULAT TUNS X
= = 4
SHAFT SPEED (APMI= 330D, al6 VELOCITY (FT7uINIs 10430, b4
oM e 920077, L§
LUBR ICANT FLCH COMUSTIONS SHAFT OuCTs CuNE TS
FUICTION FAL TUR KIS 0,089 3
HEADI USS (INZSEC)es2 20970, 13443, p
KEY2 NS NUASER nsi. 134, i
EXE. VELOCITY (IN/SeC) 1052.285¢ “04.504d i

PAKTNUN PINTFOLO PLESSURL (PSI)= S.02
TANGENT JAL VELUCITY UF LUMICANT @ UUTLLT (IN/SEC)s  2044.98

ANGLE CF EXLT RELATIVE TC WTLEY (DEGRLLS)s 33,178
EFFECTIVE EAPUSURE TiMt (SECI® G,000274

X COVERAGE OF R1E = 32,14

FLCa (v (/%1N)

CONE 24040
MANIFOLD i%edy
Skatr (| 129.7%
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e L ———
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APPENDIX II
HM926700-SERIES BEARING PRETEST INSPECTION

TABLE X. SUMMARY OF MODIFIED HM926700-SERIES
BEARING PRETEST INSPECTIONS

Cone Surface Roller Surface Cone Roller
Test B.. 1ug Finishc~ ( in.) Finishes ( in.) Race to SER
No. No. Rib Fuve Race SER Bodies Rib Angle  Pct Apex
1 60-1 7-15 8-8-1/2 17-9 4-5 90%2'45" 78
PL-T From shakedown run
PL-6 From shakedown run
PL-8 From shakedown run
2 60-2 5-6 9-10 7-9 4-5 89959'15" 80
60-3 6-7 9-10 7-8 4-5 89259"15" 80
60-4 5-8 9-10 7-8 4-5 89959'15" 80
60-5 5-7 7-1/2-8 7-8 45 89°59'16" 80
3 60-6 6-7 8-9 7-8 4-5 89°59'15" 78
60-7 8-7 9-10 7-8 4-5 89°59°15" 80
60-9A 5-7 9-10 4-5 4-5 89°56' 80
80-5 Same as tost 2
4 60-8 8-10 9-10 6-7 4-5 89°59'16" 78
PL-7 From shakedown run
PL-8 From shakedown run
PL-8 From shakedown run
5 60-0 8-9 6-1/3-1 6-1 4-1/3-5-1/2  90°2'45" 78
10-10 s-9 6-1/2-1 6-7 4-1/3-§ 89°59'15" 8
§0-11 8-10 8-8-1/2 6-7 4-1/2-5 90°2145" )
60-12 8-10 7-7-1/2 6-1 4-1/3-5 89°59'18" 78

6-10 Fail-safe tests

11 1 9-13 6-7 4-5 5-8 89°%s6’ 7
2 10-14 8-7 4-5 [ 89983' 79
3 10-13 6-7 4-8 5-8 89°s6" 78
4 10-14 5-¢ 4-5 5-6 89°86' 78
12 s s-12 5-6 6-7 8-8 89083’ 78
6 6-10 7-8 6-7 5-8 89°88" 78
7 s-12 7-8 6-7 4-1/3-8-1/3  89°83* 7
[ 9-13 5-8 6-7 4-1/3-8 -9%58" 8
13 S Same as test 13
[ Same as test 12
T Same as test 13 a
] 9-11 5-¢ 6-7 5-¢ 89"56" 78
14 10 10-18 4-8 5-7 6-9 89°s¢" 80
1n 10-16 4-8 5-1 5-8 7 80
7 Same as test 12
] Same as test 13
18 10 Same as test 13
12 8-10 4-8 8-7 6-9 89°s6* 78
g_ 7 Same as test 14
§ 9 Same as teet 14
€
! 16 19 5-12 47 8-7 8-8 89°s8' 1)
} 12 Same as test 15
7 Same as test 15
t | ] Same as test 15
i
'
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TABLE X. Cootinued. ;
Cone Surface Roller Surface Cone Roller
Test Bearing Finighes ( in.) Finishes ( in.) Race to SER
No. No, Rib Face Race SEa Bodies Rib Angle  Pct Apex
17 1-8 Timken oil-slotted bearing
2-8 Timken oil-slotted bearing
7 Same as test 16
E 9 Same as test 16
£
18 X 7-8 5-6 5-0 5-8 ssg.w 80 *
60-10 9 5-8 5-6 £-8 89 59'15" 80 b
60-11 8 6-6-1/3 4-6 5-7 90°3'45" 80 r
60-12 7 6~6-1/2 4-T 4-1/2-5-1/2  89°89"15" 88 &
19 X Same as test 18
2-8 Same as test 17
* 60-11 Same as test 18
60-12 Same as test 18
; 20 x Same as test 18
2-8 Same as test 17
i 3-8 Same as test 17
60-12 Same as test 19
21 9 Same as test 17
2 Same as test 11
4 8-9 6-6-1/2 4-8 5-7 89°59115" 80 )
60-12 Same as test 20 C R e
23 T-5 3-8 5-8 5-7 3-8 89%54' 80 +0. 00008
T-8 4-8 6-8 48 41 »:w 80 +0. 0002
-7 4-7 6-8 4-8 4-8 89 54° 80 +0.0001, +0. 0002 i
T-8 46 7-8 §-7 3-7 8564* 80 -0. 0008, +0. 0008 '
13 T-5 Same as test 22 89°54' +0. 00005 3
T-6 Same as test 22 89°54* +0. 0002 3
T-7 Same as test 12 89°41" +0. 0001, +0. 0008
T 6-10 6-8 4-8 3-8 89°41" 80 +0. 00008
" T-8 47 6-9 6T 5-6 89°41° 80 +0, 00008
T-10 6-10 6-9 3-8 4-8 89°41' 80 +0. 00006
T-7 Same as test 23 89°41' +0. 0001, 0. 0002
™~ Same as test 23 241 +0, 00006
X
; 13 T-11 7-8 10-13 4-¢ 4-8 0% 80 +0. 00015 2
& 2-8 Same as test 17
¥ 3-8 Sams as test 17
& T-12 6-8 10-12  4-8 5-8 89°41' 80 +0. 0001
¢
% 26 T-18 7-8 10-13 1.5-3 14-15 89°38’ o8
K 3-8 Same as test 17
3-8 Same as test 11
T-12 Same as test 25 89°38' 85
;lfi 7 T-15 3-7 10-12  3-3 10-14 89°51'30" 80
& 3-8 Same ag test 17
a 3-8 Same as test 11
. T-14 4-8 T 11-18 1.5-3 14-18 89°se’ 85
1S
i" 28 73-3 5-7 2-1/3-3-1/3  10-14 90°2'45" 80
Z}: 3-8 Same as test 17
= 3-8 Same as test 17 é
73-6 6-8 2.5-3.8 10-14 902'48" 80
. 97
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Figure

APPENDIX III
HM926700-SERIES BEARING AFTER TEST

CONE HAS 17 RADIAL OIL LUBRICATION HOLES.

44. HM926700-Series Bearing After Test, Bearing No. 60-1,
Test No. l--Damaged After Running 1% Minutes at 9300rpm.
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Figure 45.

HM926700-Series Bearing After Test, Bearing
No. 60-4, Test No. 2--Damaged After Running
for 45 Minutes at 14,000 rpm.
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NOTE: CONE HAS 17 RADIAL OIL LUBRICATION HOLES
Figure 46. HM926700-Series Bearing After Test, Bearing ;
B No. 60-4A, Test No. 3--Damaged After Running :
3 Minutes at 14,000 rpm.
101 :
--/j
K - =



-

i g

T T G ——r

NOTE: CONE HAS 17 RADIAL OIL LUBE HOLES

Figure 47. HM926700-Series Bearing After Test, Bearing
No. 60-7, Test No. 3--Okay After Running at
14,000 rpm for 3 Minutes.
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Figure 48. HM926700-Series Bearing After Test, Bearing

No. 60-9, Test No. 5--Tested for 27.5 Hours
at 14,000 rpm.
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Figure 49. HM926700-Series Bearing After Test, Bearing
_No. 3, Test No. ll--Damaged While Accelerating
to 9000 rpm.
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Figure 50.
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HM926700-Series Bearing After Test, Bearing
No. 7, Test Nos. 12 through l17--Damaged

After 22 hours at 11,500 rpm.
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Figure 51.

HM926700-Series Bearing After Test, Bearing
No. 8, Test No. l2--Damaged After Running

9 Hours at 11,500 rpm. Damage Due to
Bearing End-Play Adjustment Test.
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? Figure 52. HM926700-Series Bearing After Test, Bearing
No. 6, Test No. l3--Damaged After Running
for 13 Hours at 11,500 rpm With Various

¥ Bearing End-Play Adjustments.
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Figure 53.

Figure 54.

e i MRS SSRAYR G

HM926700-Series Bearing After Test, Bearing
No. 9-Okay After Running in Test Numbers 13.

Through 17 and Test No. 21.

' HM926700-Series Bearing After Test, Bearing
No. 10, Test No. 15--Damaged Due to Test
Assembly Problem.
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Figuré '55. HM926700-Series Bearing After Test, Bearing

v s 7Y Nos 'T-8, Test No. 22--Damaged After Running
9 Hours at 11,500 rpm. Damage Due to
Bearing End-Play Adjustment Test.
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Figure 56.

HM926700-Series Bearing After Test, Bearing

No. T-6, Test No. 23--Damaged While Accelerating
to 10,000 rpm.
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Figure 57.

Figure 58.

HM926700-Series Bearings After Test, Bearing
Numbers T-7 and T-9, Test No. 24--Damaged
at 11,500 rpm.

HM926700-Series Bearing After Test, Bearing
No. T-10--Okay After Running in Test No. 24.
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Figure 59. HM926700-Series Bearing After Test, Bearing
No. Tl12, Test No. 26--Okay After Running 16
Hours at 5000 rpm.
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Figure 60. .

HM926700-Series Bearing After Test, Bearing
No. T-14, Test No. 27--Damaged After Running
1 Hour at 11,500 rpm.
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Figure 61. HM926700-Series Bearing After Test, Bearing
No. 73-5, Test No. 29--Damaged at 10,000 rpm.
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Figure 62. HM926700-Series Bearing After Test, Bearing
No. 73-13, Test Numbers 31 Through 33--Okay
After Running 24 Minutes at 11,500 rpm.
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Figure 63.

e S BT

HM926700-Series Bearing After Test, Bearing
No. 73-8, Test No. 33--Damaged While Accelerating
to 9000 rpm.
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APPENDIX IV
HM926 700-SERIES BEARINGS

DEVELOPMENT TESTS LEVEL-OFF TEMPERATURES 4
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APPENDIX V
HM926700-SERIES BEARING FAIL-SAFE
~ TEST LEVEL-OFF TENPERATURES

i

. 2
oeparehie
-1

rib erashed ea twe bearings, B-7,

of LP-Alley
-8
sl
damaged after renning 10 ses with oll off.

11,000 rpm. Bearfag LP-15 is damaged

Test ran for 36 be a2 11,900 rpm.  Tost
ot 80.8 total he.

ren for 6.6 ooe with olf off, Dearing

LP-11 damaged.

Beartags OK ot 3¢ br end play shesk at

| I 1
€8 288 E43 sAER 3%E
Hle(saz aar 1233 amss

[8|aes aa 333 R
Filasn zae anss aaes
E§lasa ams ana; aing
ga TR T 11

il i oapoup

11,000 by __J ] 0 300 38 Test ran 3 be with oll-en. Bearfag 8A

TABLE XII SUMMARY OF FAIL-S8AFE TEST RESULTS

o.0008 180/19008
o130/1908

. €700/1908
o.0008 T80/1908
sT88/1908

o, 80078
6. 0008
.. 0000
9. 0008
€. 000
. 0018
0.8
®. 5000
0. 0008
0. 0000
0. 000
0. 008

bl
LE/**8R
10/
W e
10/
s
wse

3! ZXXX RARRX ZXRX RTAX RARN

A3 1131
! Y

Wo. ¥ Peil-eale B-S

Test
No. 6 Ndl-ealy LP-1
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APPENDIX VI
CORRELATION STUDY OF 2-TYPE FLANGE

¥
'
¥
TABLE XIII. TABULATION OF CONE RIB/CAGE CLEARANCES i3
L2 DUE TO CONE PRESS FIT ON SHAFT =
%)
Bear.ag Shaft Come Cone  Come OD dus Cage Cage &
Test No. No. oD D Fit RHOD to PFit D Clearsaces Remarks H
1 Development 60-1 5.0082 ©5.0004 0.0048 T7T.0088 7.0308 7.0841 0. 0039 Damaged 3
PL-7 85,0153 5.0108 0.0044 7.0271 7.0904 7.0038 0.0021 oK 3
% PL-§ 8.0151 8.0101 0.0060 Stamped Stamped oK i
] Cage Cage 5
= PL-8 5.0082 5.0007 0.0045 Mamped Stamped oK %
2 Development 60-2 8.0082 5,0108 0.0081 7.0088 7.0308 7.0048 0. 0039 Damaged ,
60-3 5.01528 5.0108 v.0080 7.0268 7.0308 7.0838 0.0082 Damaged
or 4 5.0161 5.0108 0.00M85 7.0%68 7.0808  7.0830 0. 0038 Damaged
L } 8.0062 5.0004 0.0048 7.0383 7.0390  7.0080 0. 0081 oK
3 Development 6 4 5.0062 5.000¢ 0.0048 7.0388 7.0801 7.0040 0, 0089 oK
60-7 €.0152 5.0101 0.0043 7.0068 7.0800 7.0080 0.0080 or
60-4A 85,0151 5.0108 0.0044 7.0268 7.0801 7.0830 0. 0089 Dam.: ged
60-8 8,r62 5.0004 0.0048 7,0983 7.0200 7.0880 0. 0081 oK
4 Development and 60-8 6.0062 35,0008 0.0040 7.0870 7.0307 7.0070 0. 0083 OK (spall)
acosleration tests PL-T 85,0182 5.0108 0.0064 7.0068 7.0208 7,.0080 0. 0062 OK (spall)
PL-$ 5.0151 5.0108 0.0040 7.0085 7.0308 7.0080 0.0088 OK {spall)
PL-9 8.0063 5.0008 0.004¢ 7.03Y0 7.0308 7.0080 0.0087 Damaged
§ Development and 60-9 8.0062 5.0007 0.0048 7.0060 7.0804 7.0880 0, 0083 OK (spall)
scoelerstion tests 60-10 8.0182 5.000T 0.0088 7.0383 7.0388  7.0880 0, 0087 oK
60-11 6.0151 5.0101 0.0080 7.0850 7.0888 71.0870 0. 0083 oK
60-13 8.0063 5.0008 O0.0048 7.0200 7.02%4 71.0080 0. 0008 oK
6 Fatl-safe 1-LP 8.0083 §5.000¢ 0.0048 7.0276 7.0311 7.0838 0.0084 Damaged
3-LP 5.01562 5.2080 0.0083 7.0880 7.0830 7.0840 0,0080 Damaged
3-LP 6.0151 5.0108 0.0048 7.0278 7.6311 7.0830 0.0010. oK
4-LP 85,0062 35.0003 0.0040 7.0818 7.0858 7.0015 0. 0083 oK
7 Fail-safe 6B 8.0083 5.0008 0.0040 7.0835 7T.027T3 7.0088 0.0083 oK
¢-B 8.0152 5.0107 O.0048 7.0830 T.0904 7.0040 0, 00Te Damaged
7-B 8.0151 5.0108 0.0043 7.0830 7.008  7.0048 0. 0083 Damaged
B 5.0062 35,0008 0.0080 7.0330 T.6M4T T.0840 0.0073 oK
8 Fail-safe -LP 5.0082 B5.0008 0.0047 7.0840 7.0878 7.0880 6. 0088 oK
10-LP 5.0163 85,0108 O0.0047 7.0238 7.0273  71.0088 0.0002 oK
11-LP 5.0181 S5.0106 0.004¢ 7.0840 7.037T5 17.0888 0. 0083 Damaged
13-LP 5.0064 G5.0008 O.0049 7.0330 7.0067 7.08T1 0.0104 oK
9 Fail-safe 13-LP 5.0062 4.9008 0.008¢ 7.0338 7.0378 71.0845 0.0070 oK
14-LP 5.0153 05.0108 0.0080 7.0840 7.0378 17.0880 0.0072 oK
15-LR  65.0151 8.0101 0.0000 7.0340 7.0278 7.0080 0, 0083 Damaged
16-LP 5.0082 4.9994 0.0088 7.0340 7.0383  7.0885 0.0072 oK
10 Fail-safe 9a-LP 5.0062 8.0000 O.0043
standard cage 10a-LP 5.01528 35.0101 0.0081
13¢-LP 65,0181 8.0008 0.0088
— U LP 3.%083 35,0000 0,004
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TABLE XIII. Continued.

Cone Rib
Test No. Bearing Shaft Cone Cone Cone  ODdue Cage Cage
No. oD ID Fit RDLOD toFit m Clearances Remarks
11 Bearing adjustmest 1 5.0062 4.9998 0.0064 7.0250 7.0290 7.0860 0. 0070 OK
No. 1 2 5.0132 5.0098 0.0084 7.0240 7.0281 7.0850 0. 0089 oK
3 5.0151 §5.0097 0.0064 7.0240 7.0281 7.0850 0. 0069 Damaged
4 5.0062 65.0002 0.0050 7.0360 1.0297 7.0350 0. 0053 Damaged
13 Bearing adjustment § 5.0063 5.0002 0,.0080 7.0360 7.0297 7. 0355 0. 0058 oK
No. 1A [} 5.0153 35.0098 0.0069 17,0280 7.0204 7.0340 0. 0046 OK
7 5.0151 5.0098 0.0088 17,0240 7.0284 7.0880 0. 0086 OK
8 5.0082 5.0002 0.0050 7.0240 7.0277 7.0840 0. 0083 Damaged
13 Bearing adjustment 5.0082 5.0002 0.0060 7.0360 7.0297 7. 0855 0. 0058 Damaged
No. 2 [ ] 5.0152 5.0093 0.0069 7.0350 7.0294 7.0840 0. 0048 Damaged
7 5.0151 B5.0003 0.0068 7.0240 7.0284 7.0850 0. 0088 oK
] 5.0082 5.0004 0,0048 7,.0280 7.0208 7.0870 0. 0084 OK
14 Oll flow No. 1 10 5.0082 5.0001 0.C081 7.0%60 7.0208 7.0358 0. 0067 OK
11 5.0133 §5.0001 0.0081 7.0250 7.0298 7.0380 0. 0084 Damsged
7 5.0181 S5.0083 0.0068 7.0240 7.0284 7.0350 0. 0068 OK
9 5.0082 5.0004 0.0048 17,0280 7.02988 7.0870 0. 0084 OK
15 Oil flow No. 1A 10 5.7062 5.0001 0.0061 7.0360 7.0298 7.0888 0. 0067 Damaged
12 8.0152 5.0100 0.0082 17,0380 7.0289 7.0340 0.0081 OK
7 5.0151 5.0008 0.0088 T7.0240 7.0284 7.0350 0. 0088 oK
9 §.0083 5.0004 0.0048 17.0350 7.0388 7.0870 0. 0084 oK
16 Oil flow No. 1B 13 5.0063 85,0006 0.0047 17,0340 7.0278 7.0318 0. 0040 Damaged
12 8.0152 5.0100 0.008% 7.0280 7.02080 7.034) 0.0081 Damaged
7 8,0151 5.0008 0.0088 7.0340 7.0284 7.0380 0. 0008 oK
9 5,002 B5.0004 O0.0048 7.0850 7.0308 7.0870 0.0084 oK
17 Oil flow No. 1C 1-8 8. 0082
3-8 §.0182
7 5.0181 5.0083 0,0088 17,0340 7.0284 7.0860 0. 0088 Damaged
9 5.0062 5.000¢ 0.0040 7.0350 7.0288 7.0870 0,0084 OK
18 Oil fiow No. 1D X 8. 0082
80-10 5.0153 §5.0097 0.0088 7.0383 7.0303 7.0380 0.0087 Damaged
60-11 5.0181 §5.0101 0.0080 7.M380 7.0388 7.0870 0. 0083 oK
60-12 $.0082 .5,0008 0.0048 17.0380 7.0294 7.0880 0, 0088 oK
19 Oil flow No. 1E X 5.0082
Standard cage 2-8 &, 0152
60-11 8, 0151
lr 60-12  5.0063
120
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APPENDIX VII

301-10676-SERIES BEARINGS AFTER TEST

e e e e e ————————

CHIPPED CONE RIB OCCURRED WHEN CAGE WAS REMOVED FROM CONE

e

Figure 64. XC11439-Series Bearing After Test, Bearing
No. 73-65, Test No. 5--Damaged Due to Large
Sheets of Silver Plating Separating From
the Cage.
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Figure 66. XCll439-Series Bearing After Test, Bearing
No. 73-49, Test No. 3--Damaged Due to
Insufficient Bearing End-Play Adjustment.
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Figure 67.

XCl1l439Y-Series Bearing After Test, Bearing No. 73,
Test No. 6--Damaged Due to Lubricating Oil Pump
Shutdown After Running 45 Minutes at 11,500 rpm.
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APPENDIX VIII
FLANGE OIL DISTRIBUTION SPIN TESTS

Figure 68. Simulated XCl1437 Cone at 3000 rpm--Angle and
Length of 0il Hole - 75°, 0.5 Inch: Oil Flow
Rate - 6 Pints per Minute.
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Figure 69.

Simulated XC11437 Cone at 3000 rpm--Angle and
Length of Oil Hole - 75°, 0.5 Inch; O0il Flow
Rate - 6 Pints per Minute.
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Figure 70.

Simulated XCl11437 Cone at 8000 rpm--Angle and
Length of 0il Hole - 75°, 0.5 Inch ; 0Oil Flow
Rate - 6 Pints per Minute.
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Figure 71.

Simulated XCl11437 Cone at 3000 rpm--Angle and
Length of 0il Hole - 75°, 0.375 Inch; 0il

Flow Rate - 6 Pints per Minute.
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Figure 72. Simulated XCl11437 Cone at 6000 rpm--Angle and
Length of 0il Hole - 75°, 0.375 Inch; O0il
Flow Rate - 6 Pints per Minute. 5
;f
' 123 /
G \
- " 4
4



: iv.p, e

Figure 73.

B Lo vadsom

S

Simulated XC11437 Cone at 8000 rpm--Angle and
Length of 0il Hole - 75°, 0.375 Inch; 0il
Flow Rate -6 Pints per Minute.
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FRONT VIEW

SIDE VIEW
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Simulated XC12088 Cone at 2000 rpm--Angle and
Length of 0il Hole - 75°, 0.32 Inch; Oil Flow
Rate - 3 Pints per Minute.
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Figure 75.
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FRONT VIEW

SIDE VIEW

Simulated XC12088 Cone at 2000 rpm--Angle and
Length of 0il Hole - 75°, 0.32 Irch; Oil Flow
Rate - 3 Pints per Minute.
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Figure 76.
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FRONT VIEW

SIDE VIEW

Simulated XC12088 Cone at 3000 rpm--Angle and
Length of 0il Hole - 75°, 0.32 Inch; 0il Flow
Rate - 3 Pints per Minute.
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FRONT VIEW

;|
</
: SIDE VIEW
| Figure 77. Simulated XC12088 Cone at 1000 rpm--Angle and
Length of 0il Hole - 75°, 0.243 Inch; 0Oil
! ‘ Flow Rate - 3 Pints per Minute.
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SIDE VIEW

Figure 78. Simulated XC12088 Cone at 2C00 rpm--Angle and
Length of Oil Hole - 75°, 0.243 Inch; 0il
Flow Rate - 3 Pints per Minute.
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SIDE VIEW

Figure 79. Simulated XC12088 Cone at 3000 rpm--Angle and
Length of 0il Hole - 75°, 0.243 Inch; 0il
Flow Rate - 3 Pints per Minute.
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SIDE VIEW
Figure 80. Simulated XC12088 Cone at 1000 rpm--Angle and
Length of 0Oil Hole - 75°, 0.225 Inch; Oil
& Flow Rate - 3 Pints per Minute.
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FRONT VIEW

Figure 81,

SIDE VIEW

Simulated XC12088 Cone at 2000 rpm--Angle and
“Length of 0il Hole - 75°, 0.225 Inch; 0Oil
Flow Rate - 3 Pints per Minute.
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FRONT VIEW

Figure 82.

SIDE VIEW

Simulated XC12088 Cone at 3000 rpm--Angle and
Length of 0il Hole - 75°, 0.225 Inch; O0il
Flow Rate - 3 Pints per-Minute.
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FRONT VIEW

Figure 83.

SIDE VIEW

Simulated XC12088 Cone at 1000 rpm--Angle and
Length of 0il Hole - 1°, 0.225 Inch; Oil Flow
Rate - 3 Pints per Minute.

140

SE LRI




2
|
|
_ :
2
|
)
f
&
&
/ B
7
) i
3
B
» v
™
S

FRONT VIEW

SIDE VIEW

Figure 84. Simulated XC12088 Cone at 2000 rpm--Angle and
Length of 0Oil Hole - 1°, 0.225 Inch; Oil Flow
Rate - 3 Pints per Minute.
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FRONT VIEW
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SIDE VIEW

Figure 85. Simulated XC12088 Cone at 3000 rpm--Angle and
Length of 0il Hole - 1°, 0.225 Inch; Oil Flow
Rate - 3 Pints per Minute.
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APPENDIX IX
TEST RESULTS OF HIGH-SPEED TAPERED
ROLLER BEARING ENDURANCE TEST PROGRAM

BACKGROUND

Four bearings which completed 150 hours of testing at 11,500
rpm and 100% load were inspected and determined to be accep-

table for additional testing. An additional test was conducted

for 850 hours at 11,500 rpm and 100% HLH engine input pinion
loads in order Lo estahlish fatigue or endurance-type data
on high-speed tapered roller bearings.

The bearings tested conformed to Figure 14. The component
serial numbers, bearing position in the test rig, and actual
HLH/ATC test time are shown on Table VI.

TEST EQUIPMENT AND PROCEDURE

The basic test equipment used is shown in Figures 15 and 16.
The test rig is capable of testing two sets of tapered roller
bearings (Figure 17) under conditions which simulate the
speeds and loads of the HLH combiner transmission input pinion
bevel gear. The operating conditions were as follows:

Speed 11,500 rpm
Radial Load 11,400 1b
Thrust Load 4200 1b
Lubricant MIL-L-23699

0il-In Temperature 190°F

TEST RESULTS

The test bearings identified in Table . were assembled into
the test rig with the following initial end-play settings.

e Drive End Housing Bearings - .0047 inch
e Opposite Drive End Housing Bearings - .0042 inch

After completion of the test rig assembly, testing was started
and was to continue for a maximum of 850 hours or until the
bearing failed. If a bearing failure occurred before the com-
pletion of the 850 hours, the failed bearing(s) were to be
replaced up to a maximum of four bearing failures.

During the 850-hour test, the test machine experienced a total
of 20 shutdowns as a result of test machine related problems.
Also during this same period, several large variations of

test loads occurred for short periods of (less than 5 minutes)
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operation. At five different times, the radial and thrust
load dropped to zero and on nineteen other times, the radial
and thrust loads dropped off to approximately 60% to 70% of
desired values.

All load variations occurred while the bearings were operating
at full speed (11,500) and had no significant effect on bear-
ing performance. One overload of approximately 125% also
occgrred during this test.

0il inlet temperature was maintained at 190°F for all testing.
Bearing outer race temperatures were recorded continuously
during the progrm and showed very little variation. Table
VII shows typical temperature readings of cup outer diameter,
oil outlet, and housing outer diameter for each bearing.
Slight variations in temperature were mainly the result in
ambient temperature variations.

All testing was terminated at the end of 1041 hours (total
HLH/ATC and HLH R&M test time) test time on the highest time
bearing. The last 891 hours of testing were completed with-
out any replacement of bearings due to fatigue or excessive
wear. Prior to disassembly of the bearings for inspection,
the final end-play settings were measured:

e Drive End Housing Bearings - .0025 inch
® Opposite Drive End Housing Bearings - .0015 inch

The bearings were disassembled and visually inspected for any
evidence of fatigue or wear. Figures 86, 87, 88 and 89 show
the overall condition of the bearings prior to disassembly of
the cage and rollers from the cone. Table XIV provides a
summary of the visual examination of all components of the
four test bearings. In addition,Figures 90 through 105 show
photographs of the condition of each component at the comple-
tion of the test. All cups of the test bearings had slight
evidence of the initiation of surface damage in the form of
small surface pits and some peeling. The pits were smaller
than .01 square inch in ar:a. The peeling or super-

ficial surface distress is a mode of damage associated with
marginal oil film thickness which usually occurs around
bruises, grooves or ends of cup-roller or cone-roller contacts.
This type of bearing damage has also been observed on CH-46
and CH-47 transmission bearings using synthetic lubricants
without major influence on bearing removals. The peeling
observed in the test bearings appeared to be localized in
areas of high stress. Similar type of peeling damage was
noted near the under cut groove and cone-roller contact area
on three of the four cones. One roller from hearing serial
number 73-69/73-27 also showed several tiny surface pits which
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were less than .01 square inch.

Table XV provides a summary of the machine loads and the re-
sultant individual bearing radial and thrust loads. Also
shown are the calculated test bearing B-10 lives, cone rib
stresses, equivalent aircraft hours at cubic mean load, and
the minimum oil film thickness for various component surfaces.
The life of the center bearings exceeded the calculated life
by approximately 2.5 times. The data generated during this
program is insufficient to accurately evaluate the fatigue
life properties of high-speed tapered roller bearings. The
data appears to indicate that these bearings can be operated
for long periods of time without major fatigue distress.

The conditions of all four bearings were very similar and main-
ly consisted of several small pits (less than .01 square inch
in area), peeling, and light debris damage. This damage appears
to be associated with thin o0il films in areas of high load
concentration.
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Figure 86. Drive End Bearing S/N 73--50 After Test

Figure 87. Drive End Center Bearing S/N 73-39 After Test

146

G
e T e T R AR L TN e 37 T

SRR S

s

—d




s

B S/N 73-69 After Test.
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; Figure 89. Opposite Drive End Bearing
2 After Test.
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l}"’> Figure 90. View of Cone Race Surface - Bearing S/N 73-50.
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Figure 91. View of Cup Race Surface - Bearing S/N 73-50.
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Figure 93.

Figure 92. View of Rollers - Bearing S/N 73-50.
View of Cage Pockets - Bearing S/N 73-50.
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Figure 94.
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View of Cone Race Surface - Bearing S/N 73-59.

Figure 95.

View of Cup Race Surface - Bearing S/N 73-59.
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i,) Figure 96. View of Rollers - Bearing S/N 73-59.

Figure 97. View of Cage Pockets - Bearing S/N 73-59.
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' Figure 98. View of Cone Race Surface - Bearing S/N 73-69
F 3 (Note: Debris Damage on Race Surface).
j {
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1 Figure 99. View of Cup Race Surface - Bearing S/N 73-69
(Note: Debris Damage on Race Surface).
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Lr—/’> Figure 100. View of Rollers - Bearing S/N 73-69
o (Note: Several Pits on Center Roller).
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Figure 101. View of Cage Pockets - Bearing S/N 73-69.
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Figure 102. View of Cone Race Surface - Bearing S/N 73-73.

Figure 103. View of Cup Race Surface - Bearing S/N
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Figure 105. View of Cage Pockets. - Bearing S/N 73-73.
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